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ABSTRACT
5 - V i n y l - l , 3 - b e n z o d i o x o l e ,  28,  3 , 4 - d i m e t h o x y s t y r e n e ,  29_,
2 . 3 - d im e th o x y s ty r e n e ,  J O ,  6 - v i n y l - l , 4 - b e n z o d i o x a n e ,  Jl_, and 4 - v i n y l -
1 . 3 - b e n z o d i o x o le ,  J2_were  s y n t h e s i z e d  and e v a l u a t e d  as 
p o l y ( v i n y l c a t e c h o l )  p r e c u r s o r s .  Four  methods f o r  p r e p a r in g  t h e s e  
monomers were e x p lo r e d :  1) d e h y d ra t io n  o f  a -phene thy l  a lcoho l  
d e r i v a t i v e s ,  2) d e c a r b o x y l a t i o n  of  c innamic a c id  d e r i v a t i v e s ,  3)
W i t t i g  methena t ion  of  benzaldehyde  d e r i v a t i v e s ,  and 4) W i t t i g  r e a c t i o n  
of benzyl  y l i d e  d e r i v a t i v e s  wi th  fo rm aldehyde .  Dehydra t ion of 
a -phene thy l  a l c o h o l s  was t h e  b e s t  gene ra l  p r o c e d u r e ;  t h e  monomers 
could  be i s o l a t e d  in  t h e  f o l l o w in g  y i e l d s :  _28, 63%; 29 , 45%; _30, 85%; 
3 1 , 65%; 32_, 50%. The p o l y m e r i z a b i l i t i e s  of  t h e  f i v e  monomers were
a s c e r t a i n e d  under  f r e e  r a d i c a l ,  a n i o n i c ,  and c a t i o n i c  c o n d i t i o n s .
Molecula r  we ights  as high as 95 ,000 in  t h e  c a se  of p o l y ( 2 , 3 -
d im e thoxys ty rene )  were a ch ieved  in t h e  p re se nc e  of  f r e e  r a d i c a l
i n i t i a t o r s .  The k i n e t i c s  of f r e e  r a d i c a l  p o l y m e r iz a t i o n  of
2 . 3 - d im e th o x y s ty r e n e ,  _30, was s t u d i e d  d i l a t o m e t r i c a l l y  and t h e  o v e r a l l  
r a t e  of  t h e  r e a c t i o n  was found t o  be Rp = 2.53x10"^ mol/L min.
Radical  c o p o ly m e r i z a t i o n s  of  monomers _3J and J l _ w i t h  s t y r e n e  and 
methyl m e t h a c r y l a t e  were examined.  The r e a c t i v i t y  r a t i o s  of  monomer 
30 (Mj) wi th  comonomers (M£) were r^  = 0 .6 9 ,  r 2 = 0 .92  and r^  = 0 .9 2 ,  
r 2 = 0.23  r e s p e c t i v e l y .  Q and e va lue s  of 30^were c a l c u l a t e d  t o  be
Ql = 1 .8 9 ,  e j  = - 1 .4 8  in  t h e  s t y r e n e  system and Qj = 1 .9 1 ,  e^ = - 0 .8 3
in  t h e  methyl m e t h a c r y l a t e  sys tem .  The c o p o ly m e r i z a t io n  pa ra m e te r s  of 
monomer J l_ w e r e  ^  = 1 .0 9 ,  r 2 = 0 .9 6 ;  Qj = 1 .33 ,  e  ^ = - 1 . 0 0  in  t h e
f i r s t  sys tem, and r j  = 0 .4 5 ,  r 2 = 1 .05 ;  Qj = 0 .4 5 ,  e j  = -0 .47  f o r  t h e
xv
second system. P o l y s ty r e n e  g r a f t s  on to  p o l y ( v i n y l c a t e c h o l ) p r e c u r s o r s  
were a l s o  p r e p a r e d .  P o l y ( v i n y l c a t e c h o l ) p r e c u r s o r s  were f u r t h e r  
c h a r a c t e r i z e d  by DTA and TGA t e c h n i q u e s ;  th e y  were found t o  be 
th e r m a l ly  s t a b l e  and decompose only a t  a t e m p e ra t u re  range of  
360-550 °C.
Ch lo rom e thy la t ion  of  poly J l^  only wi th  ch lo romethy l  e th y l  e t h e r
and subsequent  q u a t e r n i z a t i o n  were s u c c e s s f u l .  L i t h i a t i o n  of  poly 28,
poly J J ,  and poly _31_ was s t u d i e d .  Bromi n a t i o n  of  each
p o l y ( v i n y l c a t e c h o l ) p r e c u r s o r  was tho rough ly  examined;  q u a n t i t a t i v e
s u b s t i t u t i o n  was achieved and b romina t ion  l o c a t i o n s  were de te rmined  
1 ^us ing  a C NMR t e c h n i q u e .  P h t h a l i m i d o m e t h y la t io n ,  fo l lowed  by 
h y d r a z i n o l y s i s  of  poly 29_, poly 30^ poly 31 ,^ and poly 32 a f f o r d e d  
ami nomethyl a ted  po lymers .  S u l f o n a t i o n  of  poly 29 , poly J O ,  anc* P0^  
J l _ w i t h  c h l o r o s u l f o n i c  ac id  was p o s s i b l e  and could produce water  
s o l u b l e  polymers .
C ond i t ions  f o r  deb lock ing  t h e  p r o t e c t i n g  groups t o  l i b e r a t e  t h e  
c a te c h o l  f u n c t i o n s  were e s t a b l i s h e d .  Boron t r i c h l o r i d e  in t h e  
p resence  of dodecyl  mercap tan  was found to  be t h e  most e f f e c t i v e  
c l e a v in g  r e a g e n t .  Subsequent  o x i d a t io n  of p o l y ( 3 -  and 4 - v i n y l -  
c a t e c h o l s )  with e e r i e  ammonium n i t r a t e  g e n e ra te d  p o ly (b e n z o q u in o n e s ) .
Redox p o t e n t i a l s  of t h e  o x i d a t i o n  of c a te c ho l  and p o l y ( 3 -  
v i n y l c a t e c h o l ) were e s t i m a t e d  by p o t e n t i o m e t r i c  t i t r a t i o n  employing
0.05  N e e r i e  ammonium n i t r a t e  in  90% a c e t i c  a c id  as t i t r a n t .  At 
23 °C, t h e  m i d p o t e n t i a l s  were found t o  be 764 and 707 mV 
r e s p e c t i v e l y .  At 35 °C, w h i le  one midpoin t  p o t e n t i a l ,  290 mV, was 
observed  f o r  the  polymeric  c a t e c h o l ,  two midpoin t  p o t e n t i a l s ,  432 and 
870 mV were d e t e c t e d  f o r  t h e  c a t e c h o l .
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INTRODUCTION
A. Polymer Reagents  in  Organic  S y n t h e s i s
In a c l a s s i c a l  o r g a n ic  r e a c t i o n ,  con v e n t io n a l  l a b o r a t o r y  
t e c h n i q u e s ,  such as  e x t r a c t i o n ,  p r e c i p i t a t i o n ,  s u b l i m a t i o n ,  and 
chrom atography,  a r e  used t o  i s o l a t e  t h e  p roduc t  from t h e  r e a c t i o n  
m ix t u r e .  F r e q u e n t l y ,  p u r i f i c a t i o n  of  t h e  d e s i r e d  p roduc t  r e q u i r e s  two 
or  more of  t h e  above o p e r a t i o n s .  Although t h e  y i e l d  of  an o r g a n i c  
r e a c t i o n  may be improved by v a ry in g  t h e  c o n d i t i o n s  of  t h e  r e a c t i o n ,  
q u a n t i t a t i v e  i s o l a t i o n  of  t h e  f i n a l  p roduct  in  high p u r i t y  demands an 
a p p r e c i a b l e  amount of  t i m e .  To overcome some of  t h e  d i f f i c u l t y  of  
s e p a r a t i n g  r e a c t a n t s  from p ro d u c t s  in con v e n t io n a l  o r g a n ic  s y n t h e s i s ,  
polymers s u p p o r t i n g  r e a c t a n t s  and t r a n s f e r r i n g  f u n c t i o n a l  groups were 
i n t r o d u c e d .  I n s o l u b l e  polymers  s i m p l i f y  t h e  i s o l a t i o n  of p r o d u c t s ,  
because  t h e  r e s i n - s u p p o r t e d  r e a g e n t s  can be removed by s imple 
f i l t r a t i o n .  This  f a c e t  of  polymer chem is t ry  has become an e x c i t i n g  
f i e l d  t o  e x p lo r e  s i n c e  t h e  b r i l l i a n t  succes s  of M e r r i f i e l d ' s  s o l i d  
s t a t e  p e p t i d e  s y n t h e s i s  in  1963 .1
Polymers as r e a g e n t s  e x h i b i t  s e v e r a l  advan tages  over  t h e  low 
m o le c u la r  we ight  c o u n t e r p a r t s ,  some of  which a r e  :
1) Polymer r e a g e n t s  a r e  e a s i l y  s e p a r a b l e  from low m o le c u la r  we ight  
compounds; w i th  i n s o l u b l e  po lymers ,  s e p a r a t i o n  i s  ach ieved  by s im ple  
f i l t r a t i o n  o r  c e n t r i f u g a t i o n ,  and with s o l u b l e  po lymers ,  s e l e c t i v e  
p r e c i p i t a t i o n  i s  employed.
2) The e a se  of  s e p a r a t i o n  encourages  t h e  chemis t  t o  use a l a r g e  excess  
of  e i t h e r  s o l u b l e  or  polymer r e a g e n t ,  and t h e  enhanced c o n c e n t r a t i o n s  
of  r e a c t a n t s  i n c r e a s e  t h e  o v e r a l l  r a t e  of r e a c t i o n .  F u r t h e r ,  t h e  use
of  excess  r e a g e n t s  may s h i f t  e q u i l i b r i a  toward t h e  comple t ion  of 
r e a c t i o n ,  i . e . ,  promote high y i e l d s .
3) The excess  of  r ea g e n t  can be e a s i l y  s e p a r a t e d  from t h e  d e s i r e d  
p roduc t  and reused w i th o u t  f u r t h e r  p u r i f i c a t i o n .
4) Side  r e a c t i o n s  can be minimized and t h e  b y - p ro d u c t s  a r e  e a s i l y  
removed w i thou t  any major  d i f f i c u l t y .
5) The noxious p r o p e r t i e s  of  low m o le c u la r  we ight  r e a g e n t s ,  such as  
t o x i c i t y ,  v o l a t i l i t y ,  and malodor ,  can be avoided by u s ing  po lymer ic  
s u p p o r t s .
6 ) S ince  t h e  polymer can a c t  as  immobil iz ing  a g e n t ,  r e a c t i o n s  which 
r e q u i r e  high d i l u t i o n  in  s o l u t i o n  may be c a r r i e d  ou t  a t  high 
c o n c e n t r a t i o n  of r e a g e n t s  on polymer c a r r i e r s .
7) The i n s o l u b l e  polymer s uppo r t  p r o v id e s  d i f f e r e n t  s t e r i c  and p o l a r  
env ironmen ts  from s o l u t i o n  a n a lo g u e s .  Th is  p r o p e r t y  was e x p l o i t e d  in
O
Dieckmann c o n d e n sa t io n  which p roceeds  s e l e c t i v e l y  on t h e  po lymer ic  
c a r r i e r s .  The s t e r i c  p r o p e r t i e s  of  t h e  polymer backbone a n d /o r  bulky 
s u b s t i t u e n t s  may be used t o  promote s e l e c t i v e  a t t a c k  on one component 
of  a s u b s t r a t e  m ix t u r e .
The r e a c t i o n s  o c c u r r in g  on polymer m a t r i c e s ,  once claimed to  be 
d i f f i c u l t  t o  fo l l o w  and not  amenable t o  common a n a l y t i c a l  methods such 
as  UV and NMR s p e c t r o s c o p y ,  a r e  now e a s i l y  mon ito red  by UV, as 
r e p o r t e d  r e c e n t l y  by P a t ch o rn ik  e t  a l ^  and NMR as r e p o r t e d  l a t e l y  
by Ford e t  a l . ^  Although i t  i s  t r u e  t h a t  polymer r e a g e n t s  have so lved  
some major problems enc o u n te re d  in  c onven t iona l  o r g a n i c  s y n t h e s i s ,  t h e  
i n h e r e n t  d i s a d v a n t a g e s  r a r e l y  r e s t r i c t  t h e i r  a p p l i c a t i o n .  The few 
l i m i t a t i o n s  of t h e  use of  t h e  polymer r e a g e n t s  a r e :
1) Anchoring t o  and sometimes removal from t h e  polymer c a r r i e r  a re
a d d i t i o n a l  s t e p s  in t h e  experiment  p r o c e d u r e .  Sometimes t h e  c l e a v a g e ,  
which i s  ne c es sa ry  a t  t h e  end o f  t h e  p r o c e s s ,  i s  incom ple te  r e s u l t i n g  
in  lower y i e l d s  or  some ex treme c o n d i t i o n s  used in  c l e a v i n g  l ea d  to  
decompos i t ion  of  t h e  p r o d u c t .
2)  The y i e l d s  of t h e  p roduc t  of t h e  r e a c t i o n  u s ing  polymer r e a g e n t s  
can be sometimes lower t h a n  t h o s e  in s o l u t i o n .  This  may be due t o  
s t e r i c  h in d ra n c e  g e n e ra te d  by polymer m a t r ix  a t  t h e  r e a c t i o n  s i t e .
3) The mechanism of  t h e  r e a c t i o n  on t h e  po lymer ic  r eagen t  sometimes 
proceeds  d i f f e r e n t l y  from t h a t  in  s o l u t i o n .  Th is  was c l e a r l y  observed 
in  t h e  bromina t ion  of  cumene u s ing  i n s o l u b l e  poly(N-bromo- 
s u c c i n i m i d e ) . ^
Polymer r e a g e n t s  can be e i t h e r  o r g a n i c  o r  i n o r g a n i c .  The o rg an ic  
polymer can be p repa red  e i t h e r  by f i x i n g  t h e  r ea g e n t  on a given 
r e a c t i v e  polymer via  chemical  m o d i f i c a t i o n  or  by p o l y m e r iz a t io n  of  a 
monomer r e a g e n t .  The former  method has been widely  used in o r d e r  t o  
meet t h e  r e q u i r e d  p h ys ic a l  p r o p e r t i e s  of a po lymer,  such as mechanical 
s t r e n g t h ,  p o r o s i t y ,  and r i g i d i t y  of t h e  m a t r i x .  Polymers should  meet 
t h e  fo l l o w in g  c o n d i t i o n s  in  o r d e r  t o  be s u i t a b l e  in  o r g a n ic  r e a c t i o n :
1) The suppo r t  should  p o s s es s  v a r io u s  r e a c t i v e  s i t e s  or  should be 
r e a d i l y  f u n c t i o n a l i z e d .
2) The polymer should  be r i g i d  and easy t o  h a n d le .
3) The r e a c t i o n  s i t e  of t h e  polymer should be r e a d i l y  exposed t o  
r e a g e n t s .  The most wide ly  used polymer s u p p o r t s  a r e  copolymers of 
s t y r e n e  and d i v in y l  benzene because  they e x h i b i t  good chemical and 
mechanical  behav io r  and a r e  e a s i l y  f u n c t i o n a l i z e d .
Polymers as c a r r i e r s  have been a p p l i e d  in  s e v e r a l  ways f o r  
s p e c i f i c  o b j e c t i v e s .  Hence,  polymer r e a g e n t s  can be c a t e g o r i z e d  i n t o
t h r e e  main c l a s s e s :  polymer t r a n s f e r  r e a g e n t s ,  polymer c a t a l y s t s ,  and 
polymers as p r o t e c t i n g  g roups .
I .  Polymer T r a n s f e r  R e a g e n t s : The polymer a c t s  by i t s  
f u n c t i o n a l  group t o  t r a n s f o r m  t h e  low m o le c u la r  weight  s u b s t r a t e  i n t o  
a p r o d u c t .  Scheme 1 i l l u s t r a t e s  t h e  d i f f e r e n t  s t e p s  of  t h i s  
p r o c e s s .  The f u n c t i o n a l  polymer s u p p o r t ,  r e a c t s  wi th
s u b s t r a t e  S t o  produce t h e  p roduct  S-F.  Th is  f i n a l  p roduc t  i s  
s e p a r a t e d  by a s imple  f i l t r a t i o n  of t h e  polymer fo l lowed by 
e v a p o r a t i o n  of  s o l v e n t  and p u r i f i c a t i o n .  Polymers as t r a n s f e r  agen ts  
were widely  employed f o r  va r io u s  wel l-known r e a c t i o n s ,  such as 
r e d u c t i o n ,  o x i d a t i o n ,  h a l o g e n a t i o n ,  a c y l a t i o n ,  . . . e t c .
b « F i l t r a t io n  o f  the sp en t polymer ( y  
c ■ E vaporation o f  the s o lv e n t  and p u r if ic a t io n  
o f  the product
Some im por ta n t  o rg a n ic  r e a c t i o n s  u s ing  polymer t r a n s f e r  a ge n ts  a re  
given  in Table  1. As mentioned e a r l i e r ,  t h e  f e a t u r e s  of  t h i s  p rocess  
a re  t h e  ease  of  removal of  t h e  polymer a t  t h e  end of t h e  r e a c t i o n  and 
t h e  use of a l a r g e  excess  of  polymer r e a g e n t s  a f f o r d i n g ,  i n  many 
c a s e s ,  p roduc t s  in  high y i e l d s .  As s t a t e d  e a r l i e r ,  a change in  
mechanism of a r e a c t i o n  can occur  due mainly t o  mic roenvi ronm enta l  
e f f e c t s  o r i g i n a t e d  from t h e  polymer m a t r i x .  For example,  Pa tcho rn ik^
Scheme 1: Polymer T ransfer Agents
■F w ith  su b stra te  S
Table I t Polymer T ransfer A gents in  Organic
S y n th e s is  ©-CH
R eaction  type R eference
-SnHg-n-CjijHp R eduction o f  h a lid e
Reduction o f  carbonyl ^
-^ jtfgCHgR X“ W itt ig  r e a c tio n ;  o l e f i n  7*8
s y n th e s is  from carbonyl 
compounds
Me
+ /  _
-S Br Epoxide form ation  from 9
Me carbonyl compounds
-CH2-N=C=N-CHMe2 M offat ox id ation *  o x id a tio n  10
o f  a lc o h o l to  aldehyde or 
ketone
-CO^ H E p oxid ation  o f  o le f in s  1 1 ( 12
O xidation o f  p e n ic i l in e s  13
to  s u lfo x id e s  and su lfo n e s
Cl
-(CHQ) -P -(je0o A cid c h lo r id e  and n i t r i l e  142 'n  i 
Cl s y n th e s is
r e p o r t e d  t h a t  cumene, which mainly undergoes a -b rom ina t ion  
with N-bromosuccinimide (N8S ) ,  when t r e a t e d  with poly-(N-bromo- 
s u c c i n i m i d e ) , PNBS, as b rom ina t ing  agen t  gave t h r e e  d i f f e r e n t  
brominated p roduc t s  as  shown in Scheme 2.  A p l a u s i b l e  mechanism of  
t h e  fo rm a t ion  of  t h e  p ro d u c t s  _1, 2 , and _3, c o n s i s t s  of a s e t  of 
bromina t ion  and dehydrobrom ina t ion  r e a c t i o n s  as sugges ted  in  Scheme 3.
Daly and Kaufman^  r e p o r t e d  a s y n t h e s i s  of c o p o ly ( s t y r e n e - 3 -  
v i n y l - 5 - t - b u t y l - l , 2 - b e n z o q u i n o n e ) ,  a v a lu a b l e  redox polymer.  This  
copolymer shows g r e a t  e f f e c t i v e n e s s  in t h e  o x i d a t io n  of  pr imary  amines 
t o  k e to n e s ,  Scheme 4,  which i s  s i m i l a r  t o  a low m o lecu la r  weight  
r e a c t i o n  r e p o r t e d  by Corey.
Scheme O xid ation  o f  Primary Amines by
P o ly ( benzoquinone)
~ h 9c - c h - c h 2~
i
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+• r 2c h n h 2
/*-H^C-CH-CH2~ ^ H j C— C H -C H 2~
Scheme 2: Brom ination o f  Cumene
MBSPNBS
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Scheme 3: Mechanism o f  Brom ination o f  Cumene
w ith  PNBS
c h 3 c h 3 c h 3
CH CHij—C —Br C -C H g  B r-C -C H g B r
PNBS.
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C h lo ro m e th y la t i o n  has been by f a r  t h e  most v e r s a t i l e  r e a c t i o n  in 
polymer m o d i f i c a t i o n  because  t h e  ch loromethyl  group,  a key 
i n t e r m e d i a t e ,  i s  s u i t a b l e  f o r  both n u c l e o p h i l i c  e l a b o r a t i o n ,  such as 
q u a t e r n i z a t i o n ,  p h o s p h i n a t i o n ,  and e s t e r i f i c a t i o n ,  and e l e c t r o p h i l i e  
a d d i t i o n  t o  a c t i v a t e d  a rom a t ic  r e a g e n t s .  Chloromethyl  methyl e t h e r  
(CME) and b i s ( c h l o r o m e t h y l ) methyl e t h e r  (BCME) and t h e i r  bromo 
ana logues  have been t h e  most e f f i c i e n t  h a lo m e th y l a t i n g  a g e n t s ,  y e t  
they a r e  h igh ly  c a r c i n o g e n i c  compounds. Although new r e a g e n t s  such as 
l - c h lo r o m e t h o x y - 4 - c h l o r o b u t a n e  and 1 ,4 - b i s ( c h l o r o m e th o x y ) -  
butane  were developed,*^**® th e  novel bromomethylat ing polymer,  4_, 
r e c e n t l y  p r e p a r e d ,*9 cou ld  be t h e  most conven ien t  r ea g e n t  t o  e f f e c t  
t h i s  m o d i f i c a t i o n .  Bromomethylation of 1 ,2-d imethoxybenzene  
( v e r a t r o l e )  wi th  t h i s  po lymeric  bromomethyla t ing  agen t  in t h e  p resence  
of Lewis a c i d ,  SnCl4 , was s u c c e s s f u l ,  (eq .  1 ) .
~ H 2C—CH—CH,~
SO^lHCHgC H2OCH^r 
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Among t h e  e a r l i e s t  examples  of  polymer r e a g e n t s  a r e  no doubt  t h e  
ion exchange r e s i n s .  A lthough,  t h e i r  a p p l i c a t i o n  in o rgan ic  chem is t ry  
has been n e g le c te d  f o r  sometime,  t h e  l a s t  two decades  a r e  f u l l  of 
examples showing t h e i r  advan tages  over  t h e  s o l u b l e  a n a lo g u e s .  
Qua te rna ry  ammonium r e s i n s ,  an ion e x c h an g e r s ,  a r e  c o n s id e r e d  p o t e n t i a l  
s u b s t i t u t e s  f o r  te t raa lkylammonium s a l t s ,  c a t a l y s t s  u s u a l l y  employed 
in  t h e  phase t r a n s f e r  r e a c t i o n s .  In g e n e r a l ,  t h e s e  t e t r a a l k y l
eq. 1
ammonium s a l t  polymers  a re  p repa red  by q u a t e r n i z a t i o n  of some
commercial ly  a v a i l a b l e  c h lo r o m e th y la t e d  polym ers .  Table  2 c o n t a i n s
some of  well-known o r g a n ic  r e a c t i o n s  us ing t h e s e  anion exchangers  
d u r in g  t h e  l a s t  15 y e a r s .  The y i e l d s  of  r e a c t i o n s  range g e n e r a l l y  
between 70 and 100%. Again ,  t h e  ease  of removal of  t h e  r e s i n  from th e  
r e a c t i o n  m ix tu re  remains t h e  be s t  f e a t u r e  in  t h e s e  sy s te m s .  A lso ,  t h e  
exces s  of  r e a g e n t s  enhances y i e l d s  and r a t e s  of  r e a c t i o n s .  F i n a l l y ,  
t h e  anion  exchange rs  a re  r e a d i l y  p repa red  from l e s s  c o s t l y  r e s i n s .
I I .  Polymer C a t a l y s t s : The common homogeneous c a t a l y s t s  a r e  
l in k e d  t o  t h e  polymer m a t r ix  t o  c a t a l y z e  an o rg an ic  r e a c t i o n .  Polymer 
c a t a l y s t s  resemble  polymer t r a n s f e r  agen ts  in  r ega rd s  t o  t h e i r
p a r t i c i p a t i o n  in  t h e  r e a c t i o n ,  y e t ,  a c co rd ing  t o  t h e  d e f i n i t i o n  of  a
c a t a l y s t ,  t h ey  must be r ecovered  unchanged a t  t h e  end of  t h e
r e a c t i o n .  The genera l  s t e p s  of t h i s  r e a c t i o n  a r e  d e s c r i b e d  in Scheme
5 w h e r e r e p r e s e n t s  a c a t a l y s t  bound t o  a polymer m a t r ix  © •
A s u b s t r a t e  S r e a c t s  with a r ea g e n t  A in t h e  p re se nc e  of t h e  polymer 
c a t a l y s t  t o  a f f o r d  t h e  p roduct  D. A f t e r  a s imple  f i l t r a t i o n  of t h e  
spen t  polymer,  t h e  f i n a l  p roduct  D can be i s o l a t e d  by e v a p o ra t io n  of  
t h e  s o l v e n t  fo l lowed  by a p u r i f i c a t i o n  t e c h n i q u e .  G e n e r a l l y ,  a 
polymer c a t a l y s t  may have an enzyme, an i n o r g a n i c  or  an o r g a n o m e ta l l i c  
compound on i t s  a c t i v e  s i t e .  The most f r e q u e n t l y  used polymer ' 
r e a g e n t s  as c a t a l y s t s  a re  t h e  ion exchange r e s i n s  e i t h e r  in a c i d i c  
form (H+ ) or b a s i c  form (OH” ) .  They c a t a l y z e  genera l  a c id  o r  genera l  
base c a t a l y z e d  r e a c t i o n .  One major advan tage  of t h e  ion exchangers  
over  t h e  c onven t iona l  a c id  and base i s  t h e  absence  of  t h e  c o r r o s i v i t y
p o t e n t i a l  of t h e  s p e c i e s  in c o n ta c t  with a vesse l  o r  a r e a c t o r .
10
Table 2i Quaternary Ammonium R esins © _ k a -  
in  Organic S y n th esis
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BrCl,
S u b stra te
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I I
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Scheme 5 : Polymer C a ta ly st
A +
b, c
D
a = R eaction  o f  su b s tr a te  S w ith  rea g en t A 
b = F i l t r a t io n  o f  polymer c a ta ly s t  ® - c  
c = E vaporation  o f  s o lv e n t  and p u r i f ic a t io n  o f  
product D
1. Polymer-bound t r a n s i t i o n  metal complexes : E x te n s iv e  s t u d i e s  
have been conducted on polymer-bound c a t a l y s t s  b e a r ing  t r a n s i t i o n  
metal  complexes .  These systems s u c c e s s f u l l y  c a t a l y z e d  
h y d r o g e n a t i o n , 3 3 f34 h y d r o s i l y l a t i o n , 35 and h y d r o f o r m y l a t i o n 34,35 of  
o l e f i n s .  S i l i c a  and p o l y s t y r e n e s  were t h e  most widely  used s u p p o r t s  
c a r r y i n g  metal complex c a t a l y s t s  u s u a l l y  th rough  phosphine  g roups .
The p o l y s t y r e n e  s u p p o r t s  a r e  e a s i l y  p repa re d  by c h l o r o m e t h y la t i o n  of 
p o l y s t y r e n e  c r o s s l i n k e d  wi th  d i v i n y l  benzene and subsequen t  t r e a t m e n t  
wi th  l i t h i u m  diphenyl  p hosph ide .  Some polymer c a t a l y s t s  used in 
o rg a n ic  r e a c t i o n s  a re  r e p o r t e d  in Table  3. The polymer-bound c a t a l y s t  
c o n t a i n i n g  rhodium, J^, a Wilk inson  type  complex,  i s  a very u s e fu l  
c a t a l y s t  in  hydrogena t ion  of  o l e f i n s  and shows more s e l e c t i v i t y  than  
normal c a t a l y s t ;  f o r  example,  i t  reduced cyc lohexene  a t  t h e  same r a t e  
as with normal c a t a l y s t s ,  but  i t  reduced cyc lododecene  a t  1/5 t h e
OO
normal r a t e .  The i n d i u m - s u p p o r t e d  polymer,  6_, r e v e a l e d  t h e  same 
a c t i v i t y . j h e  d e c re a s e  in  a c t i v i t y  of t h e  rhodium and t h e  i r i d iu m  
polymer c a t a l y s t s  i s  e x p la i n e d  as  due t o  t h e  double  l i n k a g e  of  t h e  
po lymeric  suppo r t  t o  t h e  metal  of  t h e  complex.  Hence, in o r d e r  f o r
t h e  polymer c a t a l y s t  t o  be e f f e c t i v e  and t o  m a in ta in  i t s  a c t i v i t y  
p o t e n t i a l ,  t h e  metal of i n t e r e s t  should be l in k e d  t o  t h e  polymer 
m a t r ix  by a s i n g l e  bond.  As ev idence  f o r  t h e  double  l i n k a g e ,  i t  was 
observed t h a t  a t  l e a s t  two t r i p h e n y l p h o s p h i n e  m o ie t i e s  were r e l e a s e d  
from each metal  i n c o r p o r a t i o n  d u r in g  th e  p r e p a r a t i o n  of  polymer 
c a t a l y s t  as o u t l i n e d  in  eq .  2.
■> [ © - P P h 2] 2M(CO)CI +  Z P P h j
_5 , M — Rh eq. 2
6 , ,  M =  I r
@ _ _ P P h2  +  Co (NO)(CO)3  ► ® - P P h 2Co(NO)(CO)2 + C O
A  ”  e q . 3
£ @ _ _ P P h 2] 2Co(NO)(CO) +  CO
A s i m i l a r  t y p e  of  c h e l a t i o n  was formed when polymer-bound c o b a l t  
c a t a l y s t  was s y n t h e s i z e d . ^  The b i s ( p o l y m e r i c )  b in d in g ,  in  t h i s  c a s e ,  
occu rs  only when t h e  polymer c a t a l y s t ,  _7, i s  s u b j e c t e d  t o  hea t  as
shown in  eq .  3 .  F u r th e rm o re ,  i n v e s t i g a t i o n s  r e v e a le d  t h a t  t h e
fo rm a t ion  of t h i s  b i s ( p o l y m e r i c )  b ind ing  could be s u b s t a n t i a l l y  
reduced by u s ing  20% d i v i n y l  benzene i n s t e a d  of  2% c r o s s l i n k i n g .  
T h e r e f o r e ,  t h e  c a t a l y t i c  a c t i v i t y  of t h e  polymer c a t a l y s t  i s  
enhanced .  Accord ingly  t h e  f l e x i b i l i t y  of copo ly ( s ty re ne-2%  
d i v in y l b e n z e n e )  r e s u l t s  in  d i m e r i z a t i o n .  The r i g i d i t y  of  t h e  polymer
^ 5
( p ) — P +  MCI(CO)(PPh3)2 -
\ i H5
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p lay s  an im p o r ta n t  r o l e  in t h e  a c t i v i t y  of  t h e  r e s i n  c a t a l y s t .  For 
example,  polymer-bound t i t a n o c e n e ,  _8, p repa red  us ing  20% 
d i v i n y l b e n z e n e ,  was 25 t o  100 t im es  as a c t i v e  as i t s  non s o l i d  phase 
a n a l o g u e . 38,39
In t h e  s tudy  of  pa l l a d iu m  c a t a l y z e d  v i n y l i c  s u b s t i t u t i o n  on a 
v a r i e t y  of a ry l  h a l i d e s ,  Heck4® r e p o r t e d  t h a t  n i t r o g e n _ c o n t a i n i n g  
l i g a n d s  were not  e f f e c t i v e  in s t a b i l i z i n g  t h e  c a t a l y s t ;  pa l l a d ium  
metal  p r e c i p i t a t e s  upon a d d i t i o n  of  a ry l  h a l i d e s .  Daly and Sun41 
r e c e n t l y  succeeded in  b ind ing  pa l l a d ium  on p o l y ( 4 - v i n y l - p y r i d i n e )  
c r o s s l i n k e d  with 10 or  15% d i v i n y l b e n z e n e .  This polymer-bound 
c a t a l y s t  promoted e f f e c t i v e l y  t h e  v i n y l a t i o n  of a ry l  h a l i d e s .
A O
In 1982, A l lo c k n t  r e p o r t e d  t h a t  po lyphosphazenes  a r e  well  s u i t e d  
f o r  use as c a r r i e r s  of  o r g a n o m e ta l l i e  c a t a l y s t s .  Among t h e  po lymer ic  
phosphazene c a t a l y s t s  so f a r  p repa red  a r e  9_, _10» and JlL* However, 
t h e i r  a p p l i c a t i o n  as e f f e c t i v e  c a t a l y s t s  in  o rg an ic  r e a c t i o n s  was not  
ment ioned .
R R R
- N - P -  - N - P -  - N - P -  C°<C0>’
I r~  ~ \ ! I \
0  “v O V -  PPh„ • C H -— C S C
\ ± r  . 2  M( CO) x 2 |
Co (CO) 3I i
M
9  10 II
—  M a tro n s , m etal
Table 3» Polymer-bound C a ta ly s t s ,  © O ' 0 
C R eaction  type R eference
-SO^H
-CH2N(Me)3OH'
- a i c i 3
-PRhClPPhg 
- R h C l 3 
-P tC l2 
-PdCl„
<
JCH
Cl
A c id -ca ta ly z ed  r e a c tio n  43
B a se -ca ta ly z ed  r e a c tio n  "
Lewis a c id -c a ta ly z e d  r e a c tio n  4 4 , 45 
H ydrogenation, h y d r o s i ly la t io n  35» 38 , 46 
and H ydroform ylation o f  
o l e f i n s .
P o lym erization
Rose Bengal P h otoox id a tion  v ia  s in g le t  
o x id a tio n  produ ction
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2 .  Immobilized enzymes: The s y n t h e s i s  of  a polymer c a t a l y s t  with 
t h e  s p e c i f i t y  and t h e  a c t i v i t y  of  a n a t u r a l l y  o c c u r r in g  c a t a l y s t ,  
i . e . ,  enzymes,  has not  been accompli shed  and would be of  g r e a t  v a lu e .  
E v e n t u a l l y ,  r e a c t i v e  and i n s o l u b l e  r e s i n  c a r r i e r s  wi th  enzymes
immobil ized  r e t a i n s  i t s  b i o l o g i c a l  a c t i v i t y .  A v a r i e t y  of  such 
immobil ized  enzymes on polymers a r e  employed in  i n d u s t r i a l  
p r o c e s s e s .  Again,  t h e  main f e a t u r e  of  t h e  use of immobil ized  enzymes 
i s  t h e i r  easy s e p a r a t i o n  from s o l u t i o n .  S ince  they  can be r ec y c le d  
and r e u s e d ,  many enzymatic  r e a c t i o n s  t h a t  were p r o h i b i t i v e l y  
e x p e n s iv e  have now become of economic i n t e r e s t .  The p r e p a r a t i o n  of a 
r e a c t i v e  c a r r i e r  can be ach ieved  by i n c o r p o r a t i n g  a f u n c t i o n a l  group 
i n t o  s y n t h e t i c a l l y  preformed polymer o r  n a t u r a l  polymer,  such as 
c e l l u l o s e  or  sephadex.  For example,  a cyano f u n c t i o n a l  group can be 
a t t a c h e d  t o  sephadex by r e a c t i o n  wi th  cyanogen b romide ,  t h e n  t h e  
a c t i v a t e d  n a t u r a l  polymer i s  t r e a t e d ,  wi th  enzyme as d e s c r i b e d  in  
Scheme 6 . 58
a t t a c h e d  by c o v a l e n t  bonding were p r e p a r e d . 48 ,49  The enzyme t h u s
Scheme 6: A tta ch m en t o f  Enzym es on Sephadex
a - o h
+ BrCN
OC —N H -Enzym t
NH
II
P o ly (a m in o s ty re n e ) ,  a s y n t h e t i c  polymer,  may be a c t i v a t e d  by 
d i a z o t i z a t i o n  or  by r e a c t i o n  with t h io p h o s g e n e .  Enzymes can then  be 
anchored and immobil ized as shown in Scheme 7 wi th  r e t e n t i o n  of  i t s  
a c t i v i t y  . 50
Scheme 7: Attachment o f  Enzymes on P o ly sty ren e  
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The a p p l i c a t i o n s  of immobil ized enzymes in t h e  i n d u s t r y  a re  
numerous.  For example,  i s o m e r i z a t i o n  of g lucose  t o  f r u c t o s e  occurs  in  
t h e  p resence  of an immobil ized enzyme. The i n d u s t r i e s  of  t h e  U.S.A. 
manufacture  annua l ly  about  2 m i l l i o n s  tons  of  f r u c t o s e  with t h i s  
p r o c e s s . ^ 1 The DL-forms of  amino a c id s  a re  produced in  l a r g e  
q u a n t i t i e s  and,  s i n c e  t h e  b i o l o g i c a l  system r e q u i r e s  only L-form,  a 
s e p a r a t i o n  t e c h n iq u e  i s  s t r o n g l y  needed.  In 1972, t h e  use of 
immobil ized enzymes on polymers  was s u c c e s s f u l  in  s e p a r a t i n g  t h e  L- 
amino a c id  a c y l a s e . ^  A l s o ,  hydrolyzed  l a c t o s e ,  a sw ee tene r  f o r  milk 
p r o d u c t s ,  was o b ta ined  by c le a v in g  of  l a c t o s e  by immoblized l a c t a s e .
I I I .  Polymers as P r o t e c t i n g  Groups : Scheme 8 i l l u s t r a t e s  t h e  
s t e p s  invo lved  when polymer i s  used as  a p r o t e c t i n g  group in  an 
o rg a n ic  r e a c t i o n .  A d i f u n c t i o n a l  r ea g e n t  A i s  anchored by one of  i t s  
f u n c t i o n a l i t i e s  t o  t h e  polymer s u p p o r t ,  and two or  more chemical 
t r a n s f o r m a t i o n s  would t a k e  p l ac e  t o  form -A-B-C, a po lymer ic  
p r o d u c t .  The f i n a l  p roduct  A-B-C i s  r e l e a s e d  from t h e  polymer suppor t  
by a s e l e c t i v e  c leavage  of t h e  ( P  ) - A  bond.  As n o t e d ,  t h i s
Scheme 8 :  P olym er aB P r o t e c t in g  Group
B
A-B-C
methodology a s s u r e s  t h e  p r o t e c t i o n  of one f u n c t i o n a l i t y  of a
b i f u n c t i o n a l  s u b s t r a t e  by c a r e f u l  a t t a chm e n t  t o  a polymer backbone.
The sequence of r e a c t i o n s  on th e  polymer suppo r t  o r i g i n a t e s  from
M e r r i f i e l d ' s  s o l i d  s t a t e  p e p t i d e  s y n t h e s i s . 1 A t y p i c a l  p e p t i d e
s y n t h e s i s  i s  d e s c r i b e d  in  Scheme 9.  In t h i s ,  t h e  amino ac id  i s
a t t a c h e d  t o  t h e  f u n c t i o n a l i z e d  polymer by i t s  c a r b o x y l i c  a c id  group.
The N - p ro te c te d  group i s  then  removed s e l e c t i v e l y  and t h e  f r e e  amine
ob ta in e d  i s  coupled  with a ca rboxyl  group of a second amino a c id
m oie ty .  Depending on how long t h e  p e p t i d e  i s  wanted t o  be ,  t h i s
sequence  may be r epe a te d  as  o f t e n  as n e c e s s a r y .  The d e s i r e d  p e p t i d e
can be i s o l a t e d  by ac id  o r  base  c leavage  of  t h e  amide group c o v a l e n t l y
a t t a c h e d  to  t h e  polymer backbone.  Ol igomers ,  such as o l i g o n u c l e o t i d e s  
and o l i g o s a c c h a r i d e s , w e r e  a l s o  p repa red  by t h i s  method,  u s u a l l y
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i n  high y i e l d s .
In 1985, Pa tcho rn ik  e t  a l ^  r e p o r t e d  a f a s c i n a t i n g  methodology of 
s o l i d  s t a t e  p e p t i d e  s y n t h e s i s .  The p r i n c i p l e  of  t h i s  methodology i s  
based on th e  t r a n s f e r  of  t h e  N - p ro te c te d  amino a c id  from one i n s o l u b l e  
polymer (donor)  such as  o - n i t r o p h e n y l  e s t e r  t o  an i n s o l u b l e  polymer-  
bound amino ac id  ( a c c e p t o r )  wi th  the  a id  of a s o l u b l e  m ed ia to r  
m o le c u le .  A p i c t u r e  of  t h e  expe r im en ta l  p rocedure  i s  drawn in Scheme 
10; In t h i s  p r o c e d u r e ,  t h e  polymer I c a r r i e s  an N -p ro te c te d  amino 
ac id  bound as an a c t i v e  e s t e r .  Polymer II  i s  a M e r r i f i e l d - t y p e  
polymer c a r r y i n g  a p e p t i d e ,  amino ac id  or  f r e e  amino group .  The 
polymer I r e a c t s  with t h e  m ed ia to r  ( im id a z o le )  t o  r e l e a s e  t h e  s o l u b l e  
acyl  i m i d a z o l e .  Polymer I I  then  r e a c t s  wi th  t h e  f r e e d  a c y l i m i d a z o l e  t o  
add a n o th e r  amino a c i d .  The f r e e  im idazo le  then r e p e a t s  t h e  c y c l e  
u n t i l  polymer II  i s  s a t u r a t e d .  The bes t  f e a t u r e  of  t h i s  methodology 
i s  t h a t  t h e  r e a c t i o n  i s  mon ito red  by UV a b s o r p t io n  of  t h e  c i r c u l a t i n g  
s o l u t i o n  when e n t e r i n g  and l e a v i n g  polymer I I .  The Boc p r o t e c t i n g  
group i s  removed f o r  t h e  next  coup l ing  s t e p .  The y i e l d s  of  p e p t i d e s  
s y n t h e s i z e d  by t h i s  method range  between 70 and 100% depending upon 
t h e  type  of polymer II  u s e d .  This methodology has been extended t o  
t h e  s u l f o n a t i o n  and p h o s p h o ry l a t i o n  r e a c t i o n s  when polymer-bound 
dimethy laminopyr id in ium was employed.
The anc horing  and p r o t e c t i n g  p r o c e s s e s  on polymers  have been 
widely e x p l o i t e d  in o rg a n ic  s y n t h e s i s .  The polymer s e rv e s  as 
s e l e c t i v e  p r o t e c t i n g  group f o r  one f u n c t i o n a l i t y  of  a m u l t i f u n c t i o n a l  
compound. For i n s t a n c e ,  t h e  s e l e c t i v e  r e a c t i o n  of one hydroxyl  group
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of  a d i a l c o h o l  with acyl  c h l o r i d e  a t t a c h e d  t o  t h e  polymer m a t r i x  i s  
c o n s id e red  as  one of t h e  b e s t  a p p l i c a t i o n s  of  polymers  in  o r g a n i c  
r e a c t i o n s .  The u n p r o t e c t e d  hydroxyl  f u n c t i o n a l i t y  may be s u b j e c t  t o  a 
v a r i e t y  of  chemical  m o d i f i c a t i o n s  such as t h a t  shown in  Scheme 11. In 
t h i s  example,  a l a r g e  excess  of d i a l c o h o l  s u b s t r a t e  can be used to  
p reve n t  b i f u n c t i o n a l  b in d in g  t o  t h e  polymer.
Scheme 11: P r o te c t io n  o f  Hydroxyl Group o f
D ia lco h o l by Polymer M atrix
® - ^ ^ - C O O ( C H 2)pH (W s C5.J_>, 0 - ^ ^ - Coo(CH2)4OCPPh5
OH" 
 ► ( P > h Q ^ C O O H  +  HOtCH2)4C(C6Ha)3
F r e q u e n t l y ,  one may d e s i r e  t o  s e l e c t i v e l y  modify a s i n g l e  
f u n c t i o n a l  group on a b i f u n c t i o n a l  compound of  i d e n t i c a l  
f u n c t i o n a l i t y ,  such as d i a l d e h y d e ,  but  both groups would r e a c t  
s im u l ta n e o u s ly  with t h e  s p e c i f i c  r e a g e n t .  However, a s e l e c t i v e  
chem is t ry  could be achieved on one a ldehyde  f u n c t i o n a l i t y  o f  a 
d ia lde hyde  i f  t h e  o t h e r  i s  well  p r o t e c t e d .  As an example,  Gr ignard  
and W i t t i g  r e a c t i o n s  can be c a r r i e d  ou t  on a d ia ld e h y d e  s u b s t r a t e  wi th  
one group p r o t e c t e d  by a polymer m a t r ix  as o u t l i n e d  in  Scheme 1 2 . 57
Scheme 12: P r o te c t io n  o f  Aldehyde Group o f
D ialdehyde by Polymer M atrix
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B. Redox Polymers
Polymer redox systems a r e  known by t h e  terms " o x id a t io n  - 
r e d u c t io n  polymers"  and " e l e c t r o n - t r a n s f e r  po lymers" .  The name 
" e l e c t r o n - e x c h a n g e  polymers"  was a l s o  a s s ig n e d  to  t h e s e  r e s i n s  in 
analogy t o  " ion-exchange  po lymers" ,  but Sansoni®® p o in te d  out  t h a t  a 
t r a n s f e r  i s  o c c u r r in g  i n s t e a d  of  exchange,  t h u s  t h i s  name has been 
d ropped .  These redox polymers  a r e  high m o lecu la r  weight  s u b s ta n c e s  
t h a t  can t r a n s f e r  e l e c t r o n s  in  c o n t a c t  with r e a c t i v e  ions  or 
m o le c u le s .  T h e r e f o r e ,  polymers  of  t h i s  s o r t  can be ox id iz e d  or  
reduced with a p p r o p r i a t e  o x i d i z in g  and reduc ing  a g e n t s ,  
r e s p e c t i v e l y .  These r e s i n s  a r e  u s u a l l y  loaded with f u n c t i o n a l  groups 
of  t h e  r e d o x - t y p e .  A v a r i e t y  of  redox f u n c t i o n a l i t i e s  has been of
g r e a t  i n t e r e s t  f o r  polymer c h e m i s t s .  Among t h e  most widely  s t u d i e d  
redox polymers a r e  f e r r o c e n e ,  p y r id in iu m ,  m erc ap ty l ,  and hydroquinone 
c o n t a i n i n g  po lymers .  Ox id ized  and reduced forms of t h e s e  polymers  a re  
compiled in  Scheme 13. F e r r o c e n e - c o n t a i n i n g  polymers a r e  v a l u a b l e  
e l e c t r o a c t i v e  r e s i n s .  The f e r r o c e n e  u n i t  can be anchored on to  a 
v a r i e t y  of  polymer m a t r i c e s .  For example,  Allock*^ r e p o r t e d  r e c e n t l y  
a s y n t h e s i s  of  po lyphosphazene b e a r ing  f e r r o c e n e  or  r u th e n o c e n e ,  
having m olecu la r  weight  as high as 2 ,0 0 0 ,0 0 0 .  R e c e n t ly ,  in  D a l y ' s  
l a b o r a t o r y * ^ ,  t h e  f e r r o c e n e  moiety was in t roduc ed  on s ty r e n e -m e th y l  
m e t h a c r y l a t e  copolymer;  t h i s  polymer-bound f e r r o c e n e  e x h i b i t s  a 
p o t e n t i a l  e l e c t r o a c t i v i t y  as confirmed by cyc lovo l tam m etr i c  
measurements .
Scheme 1 3 : E xam ples o f  Redox P olym ers
= Polymer Bockbone
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A c a r e f u l  exam ina t ion  of  redox polymers c o n ta i n in g
dihydroxybenzene  r e v e a l s  t h e i r  im por ta nc e .  These redox r e s i n s  belong
t o  t h e  polymer r e a g e n t s  c l a s s  d i s c u s s e d  in  p a r t  A of  t h i s
i n t r o d u c t i o n .  The f i r s t  t r a n s f e r  agen t  polymers  r e p o r t e d  in  t h e
l i t e r a t u r e  were undoubted ly  t h e  redox po lymers ,  namely t h e  e l e c t r o n -
t r a n s f e r r i n g  a g e n t s .  Some of t h e  e a r l y  examples a r e
p o ly (v in y lh y d r o q u in o n e s )  and t h e  c ondensa t ion  p ro d u c t s  of hydroquinone
and fo rmaldehyde .  The f i r s t  a p p l i c a t i o n  of t h e s e  r e s i n s  was t h e  
o x i d a t i o n  of  i o d id e  t o  i o d in e  as  shown in eq .  4 . ^
I .  S y n th e s i s  of  Redox Polymers:  Three r o u t e s  could  be conceived  
as ways of p r e p a r a t i o n  of  redox polym ers .  They a r e  : 1) c o n de nsa t ion  
p o ly m e r iz a t io n  of  s u i t a b l e  monomers, 2) a t t a chm e n t  of  redox groups 
on to  preformed po lymers ,  and 3) p o l y m e r i z a t i o n  of  vinyl  monomers 
having redox groups .
1. Condensa t ion polymers:  The e a r l i e s t  redox polymers were 
undoubted ly  t h e  s y n t h e t i c  polymers  d e r iv e d  from formaldehyde and 
hydroqu in one .  The conde nsa t ion  of t h e s e  two s u b s ta n c e s  y i e l d e d  
p h e n o p l a s t s .  Resorcinol  and i t s  d e r i v a t i v e s  a re  among t h o s e  which a re  
s t a b l e  t o  o x i d a t i o n  and used in  commercial p h e n o p la s t  f o r m u l a t i o n .  
Catechol  (1 ,2 -d ihyd roxybenzene)  and hydroquinone  ( 1 ,4 - d i h y d r o x y -  
benzene)  a re  of i n t e r e s t  because  they  a r e  c a p ab le  of fo rming  q u ino id  
sy s te m s .  The naphthaqu inone  and a n th ra qu inone  d e r i v a t i v e s  a r e  a l s o  
examples  of t h i s  c a te g o ry  of p o ly p h e n o l s .  The qu ino id  u n i t  of
+  X
HO1
OH
c a te c h o l  i s  u n s t a b l e  and most qu inones  a r e  s e n s i t i v e  t o  l i g h t  and 
o x i d a n t s .  Condensat ion  polymers  may be c l a s s i f i e d  i n t o  two 
c a t e g o r i e s :  t h o s e  which have t h e  redox u n i t s  as p a r t  of  t h e  backbone 
and th o s e  which have them as  pendent  from t h e  m a t r i x .
a .  Redox u n i t s  as p a r t  of  backbone: Although formaldehyde 
-hydroqu inone  polymers were p repa red  in  t h e  beg inn ing  of  t h i s  c e n t u r y ,  
i t  was on ly  in  1949 t h a t  a d e s c r i p t i o n  of  t h e s e  r e s i n s  as e l e c t r o n -  
t r a n s f e r  polymers  was g i v e n . T h e  c o n de nsa t ion  p o l y m e r i z a t i o n  of  
hydroquinone  and formaldehyde i s  a base -  or  a c i d -  c a t a l y z e d  r e a c t i o n .
h o ^ o h  +  c h 2= o  or o h -->ch 2- J L  9 »  " o n
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D i f f e r e n t  p r o d u c t s  can be formed in  t h r e e  d i f f e r e n t  s t a g e s  of  t h e  
r e a c t i o n .  These m a t e r i a l s  produced a re  dependen t  upon t h e  i n i t i a l  
hydroqu inone- fo rmaldehyde  r a t i o  and th e  r e a c t i o n  c o n d i t i o n s .  In t h e  
f i r s t  s t a g e ,  A - s t a g e ,  t h e  p r o d u c t s  e x i s t  as  mono-, d i - ,  and t r i n u c l e a r  
m e thy lo lphe no ls  which a re  s o l u b l e  in a c e t o n e ,  e th y l  a c e t a t e ,  and 
d i o x a n e .  In t h e  second s t e p ,  B - s t a g e ,  as  t h e  condensa t ion  r e a c t i o n  
c o n t i n u e s ,  t h e  p roduc t s  became t h e r m o p l a s t i c  wi th  reduced  
s o l u b i l i t y .  These B - s ta g e  polymers a re  termed " r e s o l e s " .  The r e s o l e s  
p o sses s  h ig h ly  branched s t r u c t u r e s  wi th  methylene b r id g e s  l i n k i n g  t h e  
benzene r i n g s .  In t h e  t h i r d  s t a g e ,  C - s t a g e ,  c o n d e nsa t ion  c o n t in u e s  on 
h e a t i n g  t h e  r e s o l e  m ix tu re  t o  produce high m o le c u la r  weight
c r o s s l i n k e d  polymers .
A change of fo rm a ldehyde-hydroquinone  r a t i o  r e s u l t s  in  a change 
of chemical and ph y s ic a l  p r o p e r t i e s  of t h e  polymer.  For example,  t h e  
redox c a p a c i t y  i n c r e a s e s  as t h e  formaldehyde c o n c e n t r a t i o n  
i n c r e a s e s .  Formaldehyde can be s u b s t i t u t e d  by o t h e r  a ld e h y d e s ,  such 
as  a c e t a l d e h y d e ,  be nz a lde hyde ,  f u r f u r a l ,  g l y o x a l ,  and 
pa ra fo rm a ldehyde .  This l a s t  a ldehyde  wi th  he xa m e thy le ne t r ia m ine  
r e l e a s e s  formaldehyde upon h y d r o l y s i s ,  as r e p o r t e d  by Kopra and 
Welcher.®^
P o l y (2 ,5 - d i m e th o x y - £ - x y le n e )  was made by r e a c t i o n  of  2 , 5 -  
d im e th o x y -4 -m e th y lb e n z y l t r im e th y l  ammonium c h l o r i d e  wi th  a l k a l i  as in  
eq .  6 . The q u a t e r n a r y  ammonium s a l t  was o b t a in e d  by t r e a t i n g  2 ,5 -  
d im e thoxy-4 -m e thy lbenzyl c h l o r i d e  wi th  t r i m e t h y l  amine.  Demethyla t ion  
of t h e  polymer wit,h hydrobromic a c id  gave po ly (2 ,5 -d ihyd roxy - j£ -  
x y l e n e ) .
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The hydroquinone  d i e s t e r s ,  Scheme 14, a r e  r e a d i l y  reduced in  good 
y i e l d s  t o  t h e  hydroquinone d i o l s  with l i t h i u m  aluminum h y d r i d e .  The 
hydroquinone  moiety i s  e a s i l y  o x i d i z e d  a lm os t  q u a n t i t a t i v e l y  by
s t i r r i n g  a t e t r a h y d r o f u r a n  s o l u t i o n  wi th  s i l v e r  oxide and anhydrous 
magnesium s u l f a t e  t o  g ive  t h e  c o r r e s p o n d in g  quinone d i o l s . ® ^  The 
r e a c t i o n  of  t h e s e  qu ino id  d i a l c o h o l s  wi th  a d i a c y l  c h l o r i d e  in  THF in 
t h e  p resence  of  p y r i d i n e  y i e l d s  polymer wi th  a quinone u n i t  as redox 
group .  These polymers a r e  e a s i l y  reduced  t o  hydroquinone p o l y e s t e r s  
wi th  sodium d i t h i o n i t e  o r  hydrogen and p a l l a d iu m -c h a r c o a l  a t  o r d in a r y  
t e m p e r a t u r e .
/
Scheme 14: S y n th e s is  o f  P oly(hydroqu inone-esters_)
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C a ss idy6b r e p o r t e d  t h e  p r e p a r a t i o n  o f  hydroquinone 
p o l y c a r b o n a t e s .  2 , 5 - B i s ( 3 ‘- h y d r o x y p r o p y l ) - l , 4 - b e n z o q u i n o n e  r e a c t i n g  
wi th  phosgene in  THF medium c o n t a i n i n g  p y r i d i n e  a f f o r d e d  a polymer 
which p r e c i p i t a t e d  in  pen ta ne  in  q u a n t i t a t i v e  y i e l d ,  eq .  7. This
polymer i s  s o l u b l e  in o rg a n ic  media ,  such as a c e t o n e ,  c h lo r o f o rm ,  THF, 
and DMF, and can be r e a d i l y  reduced t o  t h e  hydroquinone form by one of  
t h e  r educ ing  agen ts  ment ioned above.
j r V ' 0"2’50" c o c , 2 A , c w c o o ~
MOlCH2)3A r  Py <-(CH215/ V
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Cassidy®6 a l s o  r e p o r t e d  t h e  s y n t h e s i s  of  hydroquinone  
p o l y u r e t h a n e .  2 , 5 - B i s ( 3 ‘- h y d r o x y a l k y l ) - l , 4 - b e n z o q u i n o n e  can r e a c t  
with d i i s o c y a n a t e  a t  room t e m p e ra t u re  in  t h e  p re se nc e  of  
t r i e t h y l a m i n e  o r  d i b u t y l t i n  d i a c e t a t e  as c a t a l y s t  t o  g ive  t h e  
c o r r e spond ing  qu ino id  p o ly u re th a n e  as ye l lo w  f l a k e s ,  eq .  8 .  In t h i s  
c a s e ,  a l l  t h e  r e a g e n t s  must be anhydrous and h igh ly  p u r e .  The polymer 
in  ox id iz e d  form can be p r e c i p i t a t e d  from THF in n -hexane .  The 
r e d u c t io n  of  qu ino id  polymer t o  t h e  c o r r e s p o n d in g  hydroqu ino id  form i s  
ach ieved  wi th  no d e t e c t i o n  of a c le a va ge  of  t h e  backbone.
0  0
A ^ C H ^ O H
U +O CNRCNO----------- ► D D
>nV
. ( C ^ ) nOCONHRNHCOO ~
j j  JJ J|
HO(CH2)^
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Quinone polyamines may be made by conde nsa t ion  of  a diamine  wi th  
a quinone as shown in  e q .  9 .  Among t h e  d iamines used in t h e  
c ondensa t ion  with benzoquinone a re  j3 -pheny lened iam ine ,  b e n z i d i n e ,  and 
hexamethylenediamine .  A 1:3 r a t i o  of d iamine-benzoquinone  i s  r e q u i r e d  
t o  p roduce ,  a f t e r  r e f l u x  in  e t h a n o l i c  s o l u t i o n ,  p o ly (a m in o q u in o n e ) .6^
HgNRNH2 + 3n 0™
O - o ----------
Suzuki and Tazuke68 r e c e n t l y  p repa red  2 , 5 - b i s ( d im e th y l  -  
ami nomethyl)hydroqu inone  (HQMe), and 3 ,6 - b i s ( d i m e t h y l a m i n o -  
met h y l ) c a te c h o l  (CAMe) by r e a c t i n g  hydroqu inone o r  c a te c h o l  with 
aqueous dimethylamine  and formaldehyde  as i l l u s t r a t e d  i n  eq .  10. 
Dimethyl ami nomethyl hydroquinone and t h e  c a te c h o l  ana logue  a r e  used as 
monomers in  t h e  f o rm a t ion  of  po ly ionenes  as o u t l i n e d  in  eq .  11. The 
redox p r o p e r t i e s  of t h e s e  po ly ionenes  were examined.  They can be 
ox id iz e d  with O2 in  1.5% sodium c a rb o n a te  s o l u t i o n .  The p r e c i p i t a t e d  
brown powders showed an a b s o r p t i o n  band a t  1630 cm“ * in  t h e  i n f r a r e d ,  
i n d i c a t i n g  t h a t  hydroquinone  u n i t s  (o r  c a t e c h o l )  of  t h e  polymers  were 
o x id iz e d  t o  benzoquinone u n i t s .
H O - ^ ^ - O H +  2 (CH^NH* 2 CH^ O
c h 2n (c h 3)2
HOH
(CHjljNCHg- CHgNtCHj)^ + BrCHjjCHCH^r
H M /+  Br* 
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Redox polyamides  were deve loped  by Iwakura8^ by condensing  d i -  
l a c t o n e s  wi th  diamine compounds. For  example,  in  eq .  12 t h e  d i -
l a c t o n e  o b ta in e d  by h e a t i n g  t h e  c o r r e s p o n d in g  d i a c i d  a t  280 °C 
condensed wi th  t h e  diamine  in  d im e thy la c e ta m ide  (DMAc) upon warming 
t h e  m ix tu re  f o r  s e v e r a l  h o u r s .  The hydroquinone  polymer was ob ta ined  
in 75% y i e l d  and could be o x id iz e d  t o  qu ino id  polymer wi th  e e r i e  
ammonium n i t r a t e  in  DMAc.
In g e n e r a l ,  hyd roqu inone- fo rmaldehyde  based polymers  a r e  slow t o
s y n t h e s i s  of  redox polymers  with good redox c a p a c i t y  ( 6 .4  meq/g) and 
high r e a c t i v i t y  by combining hydroqu inone ,  pheno l ,  and fo rm aldehyde .  
A polymer of  type  12 was o b t a i n e d .
JL
In t h e  p r e v i o u s l y  d i s c u s s e d  hydroquinone c o n ta i n in g  po lymers ,  t h e  
hydroquinone or quinone u n i t s  a r e  j o i n e d  by s i n g l e  methylene
p o ly (b i s m e th y le n e h y d ro q u in o n e ) ,  _13, where t h e  hydroquinone m o ie t i e s  
a r e  he ld toge the r ,  by two methylene b r i d g e s .  Th is  polymer was p repa red  
by mixing t r i o x a n e  and an excess  of  hydroquinone  in  s u l f o l a n e  and
OH
COOH
HOOC
OH
H2NRNH2 - -COCHjC
HgCHCONHRNH- -
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r e a c t .  To enhance t h e i r  chemical  r e a c t i v i t y ,  Manecke^0 des ig ned  a
b r i d g e s .  In 1985, D a l l a l  and co-worke rs^*  r e p o r t e d  t h e  s y n t h e s i s  of
water  in t h e  p re s e n c e  of  a c a t a l y t i c  amount of t o l u e n e s u l f o n i c  a c i d .
The m ix tu re  was hea te d  a t  175 °C f o r  one hou r .  This new redox polymer
i s  a i r  ox id iz e d  and ch e m ica l ly  o x id iz e d  wi th  b romine-po tass ium
hy d rox ide .  Both reduced and o x id iz e d  forms were c h a r a c t e r i z e d  by a
1 ^combina t ion of  FT-IR, e lem enta l  a n a l y s i s ,  and s o l i d  s t a t e  CP/MAS 
NMR.
b .  Pendent  redox groups from backbone: The redox u n i t s  such as 
hydroquinone and c a te c h o l  may be pendent  from t h e  polymer m a t r i x .  In 
t h a t  c a s e ,  o x i d a t i o n  and r e d u c t io n  w i l l  not  a f f e c t  t h e  cha in  of  t h e  
r e s i n .  P o l y ( 2 ,5 - d i h y d r o x y p h e n y l a l a n in e )  and p o l y ( 3 , 4 -d ihydroxy  -  
p h e n y la l a n i n e )  (DOPA) were s y n th e s i z e d  by a t t a c h i n g  hydroquinone and 
ca techo l  u n i t s ,  r e s p e c t i v e l y ,  on p o l y p e p t id e  m a t r i c e s . ^  por  
i n s t a n c e ,  3 , 4 - d i a c e t o x y p h e n y l a l a n i n e  h y d r o c h l o r i d e  was p repa re d  by 
t r e a tm e n t  of 3 ,4 - d ih y d r o x y p h e n y la l a n i n e  wi th  a c e t y l  c h l o r i d e ,  e q .
13. Reac t ion  of 3 , 4 - d i a c e t o x y p h e n y l a l a n i n e  wi th  phosgene a f f o r d e d  N- 
ca rbony lanhyd r ide  which polymerized by a t r a c e  of  sodium hydrox ide  in  
d ioxane .  A c i d i f i c a t i o n  fo l lowed  by c leavage  of t h e  a c e t y l  groups 
y i e l d e d  p o l y ( 3 , 4 - d i h y d r o x y p h e n y l a l a n i n e ) .
R , , OCOCHb  R iR " ,R " > O H
R > OCOCHg.H •
A pendent  redox u n i t  from a p o ly u re th a n e  m a t r ix  was a l s o
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made. As shown in eq .  14, t h e  qu ino id  d io l  d e r i v a t i v e  r e a c t e d  wi th  
d i i s o c y a n a t e  t o  y i e l d  t h e  monomer, _U» which upon conde nsa t ion  wi th  
glyco l  gave t h e  c o r r e spond ing  po lyure thane '  in which quinone d io l  
a l t e r n a t e s  with quinone g l y c o l .
o c n r n h c o o c h » - c h - c h 2oc o n h rn c o  
I
*  c h 2
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I z o r e t ^  s u c c e s s f u l l y  s y n th e s i z e d  a redox polymer with an 
a n th ra qu inone  as redox u n i t  pendent from a p o l y e s t e r  m a t r i x .  Reac t ion 
of d i e t h y l  malona te  wi th  2 - fo rm y la n th ra q u in o n e  under  
"malonic  e s t e r "  s y n t h e t i c  c o n d i t i o n s  a f f o r d e d  t h e  v in y la n th r a q u in o n e  
d e r i v a t i v e ,  eq .  15. Th is  l a t t e r  compound could be condensed wi th  a 
d io l  u s ing  s u l f u r i c  a c id  as  c a t a l y s t  t o  give t h e  p o ly (a n t h ra q u in o n e )
chCHj |
<V i s* ' CHa r ? H
j L  J  CH,OH +  OCNRNCO
CKfjT "*0 
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d e r i v a t i v e s .  1 ,4-Dihydroxy  b u t a n e ,  d i e t h y l e n e g l y c o l , and g l y c e r o l  were 
among t h e  d i a l c o h o l s  used in t h i s  t y p e  of c o n d e n s a t io n .
CHO C H -C H/  C 0 2 E i  
+  c h 2
^ C 0 2E t
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2.  At tachment  of redox u n i t s  onto preformed p o lym e rs : 
E l e c t r o n - t r a n s f e r  polymer may be p repa red  by a t t achm en t  of  a redox 
u n i t  on to  premade polymer.  This  a t t a chm e n t  can be made by chemical  
s u b s t i t u t i o n ,  d i s p l a c e m e n t ,  or  o t h e r  t y p e s  of r e a c t i o n s  wi th  t h e  
f u n c t i o n a l  groups a l r e a d y  e x i s t i n g  on t h e  polymer m a t r i x .  For  
example,  as e a r l y  as 1957, Sansoni^® p repa red  redox polymer by 
r e a c t i n g  hydroquinone wi th  p o l y ( s t y r e n e - d i a z o n i u m  s a l t s ) ,  eq .  16. 
This  f u n c t i o n a l i z e d  polymer was made by n i t r a t i o n  of  p o l y s t y r e n e  
fo l lowed  by r e d u c t io n  of t h e  n i t r o  group t o  an amino group and 
subsequen t  t r e a t m e n t  with n i t r o u s  a c i d .  As e x p e c t e d ,  t h e  diazonium 
s a l t s  g e n e ra te d  c r o s s l i n k i n g  between t h e  polymer c h a i n s .  He a l s o  
p laced  a f e r r o c e n e  moiety on a p o l y s t y r e n e  backbone employing a 
s i m i l a r  r e a c t i o n .
As r e p o r t e d  by Kun, hydroqu inone-qu inone  redox polymers may be 
r e a d i l y  made us ing  e i t h e r  quinone or  hydroquinone in  p r o t e c t e d  or
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u n p r o t e c t e d  form in a F r i e d e l - C r a f t s  r e a c t i o n  with ha lo m e th y la te d  
s t y r e n e - d i v i n y l  benzene copolymer.  As o u t l i n e d  in  Scheme 15, F r i e d e l - 
C r a f t s  r e a c t i o n  of  t h e  c h lo ro m e th y la t e d  p o l y ( s t y r e n e - d i v i n y l b e n z e n e )  
wi th  hydroqu inone ,  benzoquinone ,  1 ,4 -d im ethoxybenzene ,  and 1 , 4 -  
d iace toxybenzene  in  t h e  p re se nc e  of  a Lewis ac id  such as  SnCl^ gave 
polymeric  viny l  benzy lhydroquinone  a f t e r  removal of  t h e  p r o t e c t i n g  
g roups .  The p o l y (v in y lb e n z y lh y d r o q u in o n e )  may be ox id ized  t o  
po ly (v in y lb e n z y lb e n z o q u in o n e )  which,  in  t u r n ,  may be reduced t o  t h e  
hydroquinone a g a in .
Because of  t h e  low r e a c t i v i t y  of  t h e  ch loromethyl  g roup ,  Russ ian 
i n v e s t i g a t o r s ^ 6 deve loped a s y n t h e s i s  of  bromomethylated copolymer by 
r e a c t i n g  t h e  c h lo r o m e th y la t e d  r e s i n  wi th  l i t h i u m  bromide in  a m ix tu re  
of  b o i l i n g  dioxane  and a c e tone  f o r  20 h o u r s .  They c a r r i e d  ou t  t h e  
F r i e d e l - C r a f t s  r e a c t i o n  o f  bromomethylated copolymer with q u in o n e ,  
a n th r a q u in o n e ,  na p h ta q u in o n e ,  p y r o g a l l o l ,  hydroqu inone ,  r e s o r c i n o l ,  
p y r o c a t e c h o l , and d i a l k y l e t h e r  of  hydroquinone .  Dioxane and 
d i c h l o r o e t h a n e  proved t o  be good s w e l l i n g  media f o r  t h e  bromo­
m ethy la ted  r e s i n s .
Scheme 15: F r ie d e l-C r a fts  R eaction  o f  C hloro-
m ethylated  P o ly ( s ty r e n e -d iv in y lb e n z e n e )
w ith  Redox U n its
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P
c h 2
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The h y d r o p h i l i c i t y  of t h e s e  redox polymers  can be improved by t h e  
i n c o r p o r a t i o n  of an ion-exchange  group.  By l i m i t i n g  th e  c o n c e n t r a t i o n  
of  redox u n i t s  added t o  t h e  polymer m a t r i x ,  a s i g n i f i c a n t  number of 
halomethyl  groups i s  a v a i l a b l e  f o r  subsequen t  chemical  t r e a t m e n t .  For  
example,  r e a c t i o n  of  t h e  remaining ch loromethyl  groups wi th  
t r i m e t h y l  amine, eq .  17, y i e l d e d  h y d r o p h i l i c  redox polymers c o n t a i n i n g  
anion  exchange g roups .  While m a in ta in in g  a maximum number of  redox 
u n i t s  a v a i l a b l e ,  i n c r e a s e d  h y d r o p h i l i c i t y  of  t h e  r e s i n s  may be
ach ieved  by r e a c t i n y  t h e  hydroquinone u n i t s  of  t h e  r e s i n s  with 
c h l o r o s u l f o n i c  a c id  as i l l u s t r a t e d  in  eq .  18. The s u l f o n a t e d  redox 
polymers  could be employed as c a t i o n -e x c h a n y e  r e s i n s . 77
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Kun7® a l s o  r e p o r t e d  t h e  a t t a chm e n t  of an th ra q u in o n e  and i t s  
d e r i v a t i v e s  such as  2 -m e thy la n th ra qu inone  and 2 - e t h y l a n t h r a q u i n o n e  
onto  s t y r e n e - d i v i n y l  benzene copolymer v ia  t h e  F r i e d e l - C r a f t s  
a l k y l a t i o n  r e a c t i o n  d e s c r i b e d  above.  By th e  same p r o c e d u r e ,  
Warshawsky7^ t r e a t e d  t h e  c h lo ro m e th y la t e d  copolymer c i t e d  above wi th  
ca techo l  t o  produce polymeric  c a t e c h o l .  Th is  l a t t e r  r e s i n ,  however,  
was d e s t i n e d  t o  make polymer crown e t h e r s .
G e n e r a l ly ,  in  such a l k y l a t i o n  r e a c t i o n s ,  t h e  remain iny un reac ted  
ch loromethyl  groups of  t h e  s u p p o r t i n y  r e s i n  can cause  s i d e  r e a c t i o n s  
and e f f e c t s .  To avoid such unwanted r e a c t i o n s ,  Iwabuchi®® in t ro d u c ed  
hydroquinone  or  c a te c ho l  u n i t s  on th e  same suppo r t  by F r i e d e l - C r a f t s
a l k y l a t i o n  of  s t y r e n e - d i v i n y l  benzene r e s i n  wi th  2 , 5 -  and 3 ,4 -  
dimethoxybenzyl  c h l o r i d e ,  fo l lowed  by de m e th y la t io n  with hydrobromic 
a c id  as given in Scheme 16. In t h i s  f a s h i o n ,  a high c o n te n t  of redox 
u n i t s  on th e  r e s i n  could be a c h ie v e d .
Scheme 1 6 s F r ie d e l-C r a fts  A lk y la tio n  o f  S ty ren e-  
D ivin y lb en zen e Copolymer w ith  2 ,5 -  and 
3 ,4-Dim ethoxybenzyl C hloride .
c h 2ci
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In D a ly ' s  l a b o r a t o r y , 81 1 , 3 - b e n z o d i o x o le ,  a v a l u a b l e  redox group 
p r e c u r s o r ,  was i n t r o d u c e d  i n t o  a v a r i e t y  of polymer m a t r i c e s .  The 
po lymer ic  s u p p o r t s  were se v e r a l  c o n d e n sa t io n  po lymers ,  such as 
p o l y ( 2 , 6 - d i m e t h y l - l , 4 - p h e n y l e n e  ox ide  ) ,  p o l y ( phenylene  e t h e r  
s u l f o n e ) ,  and phenoxy r e s i n .  To a c h ie v e  a high de g re e  of 
i n c o r p o r a t i o n  of  c a t e c h o l  s y n th o n s ,  p ipe rony l  c h l o r i d e  was r e a c t e d  
wi th  t h e  above chosen c a r r i e r s  unde r  t h e  s t a n d a r d  F r i e d e l - C r a f t s  
a l k y l a t i o n  c o n d i t i o n s ,  e q .  19. The m ethy le ned ioxy l  group was 
s u b j e c t e d  t o  c leavage  t o  produce polymeric  c a t e c h o l s .
Manecke8^ con v e r t ed  p o l y ( s t y r e n e  s u l f o n i c  a c id )  c r o s s l i n k e d  wi th  
10% d i v in y l b e n z e n e  t o  p o l y ( s t y r e n e - 4 - s u l tony I c h l o r i d e )  which i s  
des igned  as s t a r t i n g  m a t e r i a l  f o r  d i f f e r e n t  polymers c o n t a i n i n g  £ -  
benzoquinone f o r  example,  r e a c t i o n  of p o l y ( s t y r e n e - 4 - s u l f o n y l  
c h l o r i d e )  wi th  2-amin ohyd roqu inone -4 -benzoa te  and subsequen t  
d e b e n z o y la t i o n  fo l lowed  by o x i d a t io n  of  t h e  hydroquinone  group y i e l d e d  
t h e  redox po lymer,  _15. Another  c a r r i e r  can be o b t a in e d  by r e a c t i n g  
one amino group of  a diamine  compound, such as  e th y l e n e d ia m in e  and 
hexamethylenediamine ,  wi th  s u l f o n y l  c h l o r i d e  f u n c t i o n a l i t y  of  t h e  
polymer and t h e  o t h e r  wi th  benzoquinone t o  g ive  a polymer of  type  
16. Po ly (v iny l  a l c o h o l )  c r o s s l i n k e d  wi th  1% t e r e p h t h a l a l d e h y d e  was 
a l s o  employed as  benzoquinone c a r r i e r .  These b e n z o q u i n o n e - c a r r i e r s ,  
r e p o r t e d  by Manecke, e x h i b i t e d  g r e a t  e f f i c i e n c y  in  imm obil iz ing  
enzymes, e . g . ,  chym otryps in .
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, Kamogawa®'* r e p o r t e d  t h e  a t t a ch m e n t  of the  hydroqu inone  moiety 
on to  a po lyac ry lam ide  m a t r i x .  The homopolymer or  copolymer of 
ac ry lam ide  can be m e t h y lo l a t e d  with an e q u i v a l e n t  of  f o rm a l in  or  
pa ra form aldehyde  under  b a s i c  c o n d i t i o n s ,  eq .  20.  Treatment  of  
m e t h y lo l a t e d  po ly ac ry la m id e  wi th  hydroquinone  under  a c i d i c  c o n d i t i o n s  
a f f o r d s  t h e  redox p o ly a c r y la m id e .
~ c h 2- c h ~  +  CHZ0  —S V c H a - C H  - » ~ ch2 - c h ~  ^  20
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As s t a t e d ' e a r l i e r , t h e  a n th ra q u in o n e  group can be i n t r o d u c e d  on to  
a v a r i e t y  of polymer m a t r i c e s .  For i n s t a n c e ,  t h e  r e a c t i o n  of  2-amino-  
an th ra q u in o n e  wi th  c h lo r o m e th y la t e d  p o l y s t y r e n e  c r o s s l i n k e d  with 
d i v i n y l  benzene gave t h e  h y d r o p h i l i c  redox polymer J J .  Izo re t®^ 
r e p o r t e d  t h e  i n c o r p o r a t i o n  of  an th ra q u in o n e  on t h e  polymer backbone 
v ia  an a c e t a l  l i n k a g e .  He t r e a t e d  2 - fo rm y la n th ra q u in o n e  wi th  
p o ly (v in y l  a l c o h o l )  t o  produce polymer 18 which i s  h ig h ly  s t a b l e  under
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a l k a l i  c o n d i t i o n s .  He a l s o  d e s c r i b e d  a s y n t h e s i s  of a n th ra qu inone  
polymer by r e a c t i n g  p o ly (v in y l  a l c o h o l )  wi th  2 -
c h lo r o m e th y la n th ra q u in o n e  to  g ive  where t h e  redox u n i t  i s  a t t a c h e d  
via  an e t h e r  l inkaige.  The same a u th o r  p repa red  polymer 20  ^ by t r e a t i n g  
p o l y ( a c r y l i c  a c i d )  w i th  2-hyd ro x y m e th y lan th raq u in o n e .
^ c h - c h 2~
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3. Vinyl po lymers:  D esp i te  t h e  d i f f i c u l t i e s  in  t h e  p r e p a r a t i o n  
and t h e  o v e r a l l  low y i e l d s ,  s y n t h e s i s  of  s p e c i f i c  monomers f o r  
s p e c i f i c  redox polymers  has t h e  advan tages  t h a t  t h e  com pos i t ion  and
s t r u c t u r e  of  t h e  r e s u l t i n g  polymers  a r e  known with i n c r e a s e d  c e r t a i n t y  
and they  a re  r e a d i l y  c h a r a c t e r i z e d  by a n a l y t i c a l  t e c h n i q u e s .  These 
s y n t h e t i c  d i f f i c u l t i e s  a r e  enc oun te re d  when one has  t o  apply a c i d - b a s e  
o r  redox r e a c t i o n s  t o  t h e  p r e p a r a t i o n  of  m a t e r i a l s  them se lves  h ig h ly  
s e n s i t i v e  t o  a c i d s ,  b a s e s ,  o r  r a d i c a l s .
I t  was a n t i c i p a t e d  t h a t  u n p r o t e c t e d  ph e n o l i c  groups would be 
powerful  i n h i b i t o r s  of  f r e e  r a d i c a l  r e a c t i o n s ;  t h e r e f o r e ,  i t  was 
i m p e r a t iv e  t o  mask t h e  p h e n o l i c  f u n c t i o n a l i t y  by means of  a p r o t e c t i n g  
group which can be e a s i l y  removed under  mild c o n d i t i o n s .  C a s s id y ®55 
succeeded in  p r e p a r in g  v iny lhydroqu inone  in  a m u l t i - s t e p  s y n t h e s i s .
As o u t l i n e d  in  Scheme 17, coumarin can be con v e r t ed  t o  ^ - c o u m a r i c  ac id  
wi th  po tass ium  p e r s u l f a t e  t o  give  2 ,5 -d ihyd roxyc innam ic  a c id  which can 
be d e c a r b o x y la t e d  a t  200 °C to  a f f o r d  v i n y lh y d r o q u in o n e .  The 
p o l y m e r iz a t i o n  of t h i s  monomer in  t h e  absence  of a c a t a l y s t  p roceeded  
a t  125 °C t o  produce a low m o le c u la r  weight  polymer i n d i c a t i n g  th e  
i n h i b i t i n g  a b i l i t y  of t h e  f r e e  hydroxy group of t h e  r i n g .
Iwabuchi®®»®^»®®»*®® found t h a t  t r i b u t y I b o r a n e  (TBB) was ca pab le  
of i n i t i a t i n g  c o p o ly m e r i z a t io n  of  some u n p r o te c te d  v iny lhyd roqu inone  
d e r i v a t i v e s  with some common comonomers; c o p o ly m e r i z a t io n  in  t h e  
p re se nc e  of TBB of  2 - v i n y l - l , 4 - h y d r o q u i n o n e  and 2 - m e t h y l - 5 - v i n y l - 1 , 4 -  
hydroqu inone ,  r e s p e c t i v e l y  w i th  methyl m e t h a c r y l a t e ,  s t y r e n e ,  
a c r y l o n i t r i l e ,  a c r y l a m i d e ,  and 4 -v iny l  p y r i d i n e  was s u c c e s s f u l  in  each 
c a s e .  I t  was t h e r e f o r e  concluded t h a t  v iny lhydroqu inone  behaves l i k e  
s t y r e n e  in  t h e  c o p o ly m e r i z a t io n  r e a c t i o n  i n i t i a t e d  by TBB. However, 
t h e  homopolymeriza t ion of  u n p r o t e c t e d  v iny lhydroqu inone  wi th  t h e  same 
c a t a l y s t  f a i l e d  t o  produce polymer under  i d e n t i c a l  c o n d i t i o n s .
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Scheme 1.7s S y n th e s is  and P o lym eriza tion  o f  V in y l­
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An i n t e r e s t i n g  ex c ep t io n  was t h e  p o l y m e r i z a t i o n  of 4 - v i n y l - 2 -  
methoxyphenol ( 4 - v i n y l g u a i a c o l ) ;  t h i s  monomer y i e l d e d  a low c o n v e r s io n  
(12.5%) of  m odera te ly  high m o le c u la r  weight  p roduct  a f t e r  a 
p o ly m e r iz a t io n  t ime of 200 h o u r s . 09
E s t e r s ,  e t h e r s ,  and a c e t a l s  have been chosen as b lock ing  groups 
by many i n v e s t i g a t o r s  in  t h i s  f i e l d .  For example,  C a s s id y90 s e l e c t e d  
b i s (m e thoxym e thy l ) e t h e r  as p r o t e c t i n g  group in  t h e  s y n t h e s i s  of 
p o ly (v in y lh y d ro q u in o n e )  and p o l y ( 3 - v i n y l c a t e c h o l ) .  Both c a te c ho l  and 
hydroquinone were t r e a t e d  wi th  sodium metal  in methyl a lcohol  t o  
produce t h e  monosodium s a l t  of  hydroquinone o r  c a t e c h o l ,  t h e  
ch lo romethy l  methyl  e t h e r  was added t o  r e a c t  wi th  t h e  m ix tu re  t o  give  
t h e  hydroquinone  o r  c a t e c h o l  b i s (m ethoxymethy l)  e t h e r  as  o u t l i n e d  in  
Scheme 18. When t h i s  l a t t e r  compound was m e t a l a t e d  by r e a c t i o n  w i th  
b u t y l l i t h i u m  and s u b s e q u e n t ly  t r e a t e d  wi th  e t h y l e n e  o x i d e ,
3-hyd ro x y e th y l -h y d ro q u in o n e  b i s (m ethoxym ethy l ) e t h e r  (o r  c a te c h o l  
ana lo gue)  was o b ta in e d  in  q u a n t i t a t i v e  y i e l d .  Dehydra t ion  of  t h i s  
a lc o h o l  over  po tass ium  hydrox ide  a f f o r d e d  v in y lh ydroqu in one  
b i s (m ethoxym ethy l ) e t h e r  (o r  c a te c h o l  ana logue)  in  high y i e l d .  
Po ly m e r iz a t io n  of  t h e s e  monomers fo l lowed  by h y d r o l y s i s  in  m ethano l i c  
h y d r o c h l o r i c  a c id  produced p o ly (v in y lh y d ro q u in o n e )  and 
p o l y ( v i n y l c a t e c h o l ) r e s p e c t i v e l y .
Scheme 18: S y n th e s is  o f P ro tected  V inylhydro­
quinone and V in y lca tech o l
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The main d i sa d v a n ta g e  of  t h e  use of b i s (m ethoxymethyI ) e t h e r  i s  t h a t  
i t  r e l e a s e s  f r e e  formaldehyde upon h y d r o l y s i s  of  t h e  polymer.  The 
formaldehyde  can produce c r o s s l i n k i n g  in t h e  p resence  of  a c id  and 
hyd roqu inone .  The use of  i t s  a na logue ,  b i s ( e t h o x y e t h y l )  e t h e r ,
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however,  g e n e r a t e s  a c e t a ld e h y d e  which i s  l e s s  r e a c t i v e  than  
fo rm a ldehyde . 91 But wi th  e i t h e r  b lock ing  group ,  c r o s s l i n k i n g  may 
occur  du r ing  t h e  deb lock ing  p r o c e s s ;  t h e  e x t e n t  d i f f e r s  only wi th  t h e  
carbonyl  c o n d e n s a t io n .
Iwabuchi92 p rep a re d  2- m e t h y l - b - v i n y l - o ^ , £ ' - b i s ( l ' - e t h o x y e t h y l ) 
hydroquinone in  14% y i e l d  from 2-methy lhydroqu inone  u s ing  t h e  method 
of C a s s id y .  He observed  t h a t  when t h e  co r r e s p o n d in g  a lcoho l  was 
hea te d  a t  h ig h e r  t e m p e r a t u r e ,  e . g . ,  240 °C, t h e  p r o t e c t i n g  groups were 
removed w i th o u t  t h e  d e h y d ra t io n  of  t h e  a l c o h o l .  F u r t h e r ,  when t h e  
blocked  a lcoho l  was hea ted  over  a c i d i c  a lumina a t  200-220 °C, t h e  
major p roduct  was a c y c l i c  e t h e r ,  a coumarin d e r i v a t i v e .
A very c lean  method t o  produce a p r o t e c t e d  hydroquinone monomer 
i s  t h e  r e a c t i o n  of  1 ,4 -d imethoxybenzene  w i th  b u t y l l i t h i u m  fo l low ed  by 
r e a c t i o n  with e th y l e n e  ox ide t o  give  t h e  p - h y d r o x y e t h y l - 1 ,4 -  
dimethoxybenzene ,  e q .  21a .  Dehydra t ion of  t h e  a lcohol  by h e a t i n g  i t  
over  fused  po tass ium hydroxide  p rov ided  2 , 5 - d i m e t h o x y s t y r e n e . ^  
Ace ta ldehyde  can be s u b s t i t u t e d  f o r  e t h y l e n e  oxide g iv ing  an a-hydroxy 
e th y l  a n a lo g u e ,  eq .  21b ,  which,  upon a c i d - c a t a l y z e d  d e h y d r a t i o n ,  
y i e l d s  t h e  vinyl  monomer. The p o l y m e r iz a t io n  of  t h i s  monomer i n  t h e  
p resence  of benzyl p e ro x id e  proceeded  w i thou t  c o m p l i c a t i o n . 9^
Although t h e  a p p l i c a t i o n  of e s t e r s  as b lock ing  groups proved t o  be 
l i m i t e d  because  they  r e a c t  with o r g a n o m e ta l l i c  r e a g e n t s ,  2 - v i n y l - l , 4 -  
hydroquinone  d i a c e t a t e  monomers were p r e p a r e d . 95 The s y n t h e s i s  
invo lv ed  t h e  r e a c t i o n  of  v iny lhydroqu inone  wi th  a c e t i c  anhyd r ide  o r  
benzoyl c h l o r i d e  as i l l u s t r a t e d  in  eq .  22 .
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High polymers were r e a d i l y  o b t a i n e d .  The e s t e r  groups were a f t e r w a r d s  
removed vi a  s a p o n i f i c a t i o n  of t h e  polymer t o  y i e l d  
p o l y ( v i n y lh y d r o q u in o n e ) .
I t  was noted t h a t  hydroquinone polymer o x i d i z e s  i r r e v e r s i b l y .
The i n t e r m e d i a t e  semiquinone r a d i c a l  appears  t o  add 1 ,4  t o  an 
u n s u b s t i t u t e d  r i n g  of  a quinone sys tem. T h e r e f o r e ,  p o l y s u b s t i t u t i o n
of  t h e  a rom a ti c  r in g  w i th  a p p r o p r i a t e  g r o u p s ,  i . e . ,  m e th y l ,  would 
s t a b i l i z e  t h e  hydroqu inone-qu inone  sys tem.  Cass idy and Kun96 r e p o r t e d  
t h e  s y n t h e s i s  of p o l y ( l - v i n y l - 3 , 6 - d i m e t h y l - 2 , 5 - h y d r o q u i n o n e )  and 
p o l y ( l - v i n y l - 3 , 4 , 6 - t r i m e t h y l - 2 , 5 - h y d r o q u i n o n e )  employing t h e  
d e c a r b o x y la t i o n  o f  t h e  c o r r e s p o n d in g  cinnamic a c i d .  The c o r r e spond ing  
d i a c e t a t e s  of  t h e s e  two polymers  were made by Manecke. 97 2 , 5 -  
D i m e t h o x y - 3 , 4 , 6 - t r i m e t h y l s t y r e n e  was p repa red  by t h r e e  r o u t e s 9 6 ,9 ® as 
o u t l i n e d  in  Scheme 19. The f i r s t  path  invo lved  b romina t ion  of  1 , 4 -  
d i m e t h o x y - 2 ,3 ,5 - t r i m e t h y l b e n z e n e  fo l lowed  by f o rm a t ion  of  a Grignard 
i n t e r m e d i a t e  which gave e -hydroxye thy lbenzene  d e r i v a t i v e  upon 
t r e a t m e n t  with e th y l e n e  o x id e .  Dehydra t ion of t h i s  a lcoho l  over  
po tass ium  hydroxide  a f f o r d e d  t h e  t r i s u b s t i t u t e d  vinyl  monomer. The 
second r o u te  c o n s i s t e d  of  a c e t a ld e h y d e  r e a c t i o n  wi th  e i t h e r  t h e  
Grignard i n t e r m e d i a t e  o r  t h e  l i t h i a t e d  dimethoxybenzene t o  produce t h e  
c o r r e s p o n d in g  a -h y d roxye thy lbe nze ne  d e r i v a t i v e .  The l i t h i a t i o n  s t e p  
took p l a c e  wi th  b u t y l l i t h i u m  v ia  a bromine l i t h i u m  exchange .  Vinyl 
momoner was o b ta in e d  by d e h y d ra t io n  of  the  r e s u l t i n g  a lcoho l  in  t h e  
p re se nc e  of  an a c i d .  The t h i r d  t e c h n i q u e  invo lved  t h e  fo rm a t ion  of  
t h e  phosphonium c h l o r i d e  s a l t  from 2 , 5 - d im e th o x y - 3 ,4 , 6- t r i m e t h y l  
benzyl  c h l o r i d e  and t r i p h e n y l p h o s p h i n e ,  eq .  23.  At tack  on t h e  
phosphonium c h l o r i d e  by b u t y l l i t h i u m  gene ra ted  t h e  c o r r e spond ing  
y l i d e ,  which upon t r e a t m e n t  wi th  aqueous formaldehyde gave t h e  viny l  
monomer.
Scheme 19: P rep aration  o f  2 #5“L im eth oxy-3 ,4»6-
tr im eth y la ty ren e
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Manecke and c o - w o r k e r s ^  r e p o r t e d  t h e  p r e p a r a t i o n  of
3 - v in y l p y ra z o lo q u i n o n e  and i t s  d e r i v a t i v e s .  T h e i r  polymers  showed 
high s t a b i l i t y  and r e s i s t a n c e  t o  d e g r a d a t i o n  r e a c t i o n s .  For  example,  
3 - v in y lp y ra z o lo q u in o n e  can be p repa re d  by 1 , 3 - d i p o l a r  c y c l o a d d i t i o n  of  
d i a z o p ro p e n -2  t o  t h e  d i s u b s t i t u t e d  quinone as  given in Scheme 20. I t  
i s  i n t e r e s t i n g  t o  n o t i c e  t h a t  t h e  N-pyrazo loqu inones  cannot  undergo 
p o l y m e r i z a t i o n  by r a d i c a l  i n i t i a t o r s  u n l e s s  an epoxy group i s  
i n t r o d u c e d  i n t o  t h e  quinone  s i d e .  The epoxy group may be removed a t  
t h e  end of t h e  r e a c t i o n  w i th  po tass ium i o d id e  i n  a c e t i c  a c i d .
The hydroqu inone-qu inone  redox systems can be s t a b i l i z e d  a l s o  by 
a n n e l l a t i o n  of t h e  quinone wi th  a rom a t ic  r i n g s .  Thus,  
p o l y (v i n y ln a p h t h a q u i n o n e )  and p o l y ( v i n y l a n t h r a q u i n o n e )  d e r i v a t i v e s  
were p r e p a r e d . 1°° 2 , 5 - D i m e t h y l - 5 - v i n y ln a p h t h a q u in o n e ,  21_, and both 
v in y la n th r a q u in o n e  i s o m e r s ,  22_ and 23,  were made by d e h y d ra t io n  of  t h e  
hydroxye thy lnaph thaqu inone  and a n th ra qu inone  a n a lo g u e .  The 
v in y lna ph tha qu inone  po lymer ized  only when an epoxy group was 
i n t r o d u c e d  i n t o  t h e  quinone u n i t  as  r e q u i r e d  f o r  t h e  p o l y m e r i z a t i o n  of 
3 - v in y l p y r a z o lo q u i n o n e .  However, t h e  2 - v i n y l a n th r a q u i n o n e  could be 
c l e a n l y  homopolymerized and copo lymerized  with s t y r e n e  and 
d i v i n y l  benzene ,  w h i le  t h e  1- v i n y l a n t h r a q u i n o n e  did not  po lymer ize  
r e a d i l y .
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Pyranyloxyl  groups a l s o  proved to  be e f f e c t i v e  as  b lock ing  
g roups .  S p inne r  and c o - w o r k e r s 101 des igned  a s y n t h e s i s  of  poly
( 2 , 5 - d i h y d r o x y - 4 ‘- v i n y l d ip h e n y l  s u l f o n e )  from t h e  c o r r e s p o n d in g  
monomer when t h e  hydroxyl  f u n c t i o n a l i t i e s  of  t h e  hydroquinone  u n i t s  
were p r o t e c t e d  by py rany loxy l  g roups .  Reac t ion  of  £ - ( e -b ro m o e th y l ) 
benzene s u l f o n i c  a c i d ,  p repa red  from 3-bromoethyTbenzene,  w i th  
benzoquinone l ed  t o  t h e  co r r e s p o n d in g  hydroquinone s u l f o n e  as  shown in 
Scheme 21. Treatment  of  t h i s  s u l f o n e  wi th  2 ,3 - d ih y d r o p y ra n  gave t h e  
p r o t e c t e d  hydroquinone s u l f o n e .  Dehydrobrominat ion wi th  a l c o h o l i c  
po tass ium  hydrox ide  y i e l d e d  t h e  c o r r e spond ing  vinyl  monomer. The same 
i n v e s t i g a t o r s 102 r e p o r t e d  t h e  p r e p a r a t i o n  of  p o l y ( 2 , 5 - d i h y d r o x y - 4 -  
m ethy l - 4 ' - v in y l d ip h e n y l  s u l f o n e )  employing a s i m i l a r  p r o c e d u r e .
Kamogawa1^  a t t a c h e d  hydroquinone t o  N-hydroxyethyl  methyl 
a c ry lam ide  p repa re d  by a l k a l i n e  m e t h y l o l a t i o n  of  a c ry lam ide  wi th  
formaldehyde a t  room t e m p e r a t u r e  as  shown in  eq .  24.  The a t t a c h e d  
hydroquinone  monomer was r e a d i l y  po lymer ized  t o  a f f o r d  redox r e s i n .
Scheme 20: S y n th e s is  o f  P o ly ( 3 -v in y lp y r a zo lo q u in o n e )
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Scheme 21: Pyranyoxyl as P r o te c t in g  Group
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R e c e n t l y ,  Mehta*0^ p r ep a re d  p o l y ( 4 ' - v i n y l - 2 , 5 - d i h y d r o x y - l , l  
b i p h e n y l ) ,  p o l y ( 4 ' - v 1 n y l - 2 , 3 - d i h y d r o x y - l , l ' - b i p h e n y l ) ,  and p o l y ( 4 ‘-
v i n y l - 3 , 4 - d i h y d r o x y - 1 , l ' - b i p h e n y l ) by po lym er iz ing  t h e  c o r r e s p o n d in g  
monomers o b t a in e d  v ia  W i t t i g  r e a c t i o n .  For example,  b rom ina t ion  of 
4 ' - m e t h y l - 2 , 5 - d i m e t h o x y - l , l ' - b i p h e n y l  wi th  N-bromosuccinimide in  t h e  
p re se nc e  of benzoyl p e ro x i d e  gave 4 ' - b r o m o m e t h y l - 2 , 5 - d i m e t h o x y - l , l ' -  
b iphenyl  as  i l l u s t r a t e d  in  Scheme 22.  The t r e a t m e n t  of  t h i s  
bromomethyl compound w i th  t r i p h e n y l p h o s p h i n e  y i e l d e d  4 ' -  
( t r ip h e n y lp h o s p h o n iu m )m e th y l - 2 , 5 - d i m e t h o x y - l , l ' - b i p h e n y l  bromide.  The 
m ix tu re  of t h i s  phosphonium bromide s a l t  and 50% aqueous sodium 
hydrox ide  and 37% aqueous formaldehyde  p rov id ed  4 ' - v i n y l - 2 , 5 -  
d im e th o x y -1, l ' - b i p h e n y l  which po lymerized  c l e a n l y  in  t h e  p re se nc e  of  
AIBN. Demethyla t ion  was induced  by boron t r i b r o m i d e .
Iwabuchi and co-w orkers  105,106 d e s c r i b e d  t h e  c o p o ly m e r i z a t i o n  of 
some n a t u r a l l y  o c c u r r i n g  v i n y l c a t e c h o l  p r e c u r s o r s  wi th  some common 
comonomers. The c o p o ly m e r i z a t io n  r e a c t i o n  of  4 - p ro p e n y lp y ro c a te c h o l  
d e r i v a t i v e s ,  such as  e u g e n o l ,  _24, i s o e u g e n o l , _25, i s o s a f r o l e ,  and
s a f r o l e ,  27, wi th  a c r y l o n i t r i l e ,  m a le ic  a n h y d r id e ,  and methyl 
m e t h a c r y l a t e ,  were i n v e s t i g a t e d  employing TBB as i n i t i a t o r .  I t  was 
found t h a t  only homopolymerizat ion  oc c u r r e d  when they  were r e a c t e d  
wi th  methyl m e t h a c r y l a t e  under  t h e  same c o n d i t o n s .  More r e c e n t l y ,  t h e  
same i n v e s t i g a t o r s * 0^ deve loped a s y n t h e s i s  of a vinyl  monomer 
c o n t a i n i n g  1 ,3 -b en z o d io x o le  and methyl m e t h a c r y l a t e  u n i t s .  As 
d e s c r i b e d  in  Scheme 23, 3 ,4 -m ethy lened io xybenzy l  m e t h a c r y l a t e  was 
p rep a re d  from 3 ,4 -m ethy lened io xybenzy l  a lc o h o l  and m ethacry loy l  
c h l o r i d e .  The monomer was r a d i c a l l y  po lymerized in  t h e  p r e s e n c e  of  
TBB. Treatment  of  t h e  r e s u l t i n g  polymer wi th  phosphorus p e n t a c h l o r i d e  
gave t h e  c o r r e spond ing  c a rb o n a te  which upon h y d r o l y s i s  y i e l d e d  t h e  
p o l y ( 3 , 4 - d i h y d r o x y b e n z y l m e t h a c r y l a t e ) .
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Scheme 2 2 t S y n th e s is  o f  P oly  ( V - v i n y l - 2 ,5 -  
d ih ydroxy-1 , 1 ' -b ip h e n y l)
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Scheme 23: S y n th e s is  o f  P oly(3»^ -d ih yd roxyb en zy l-  
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I I .  P r o p e r t i e s  of  Redox polymers
1.  Condensa t ion  po lymers:  Among th e  c o n d e n sa t io n  polymers 
s t u d i e d ,  t h e  ones d e r i v e d  from formaldehyde -phenol  were given t h e  most 
a t t e n t i o n .  These c r o s s l i n k e d  r e s i n s  wi th  phenol o r  r e s o r c i n o l  
m o i e t i e s  condensed with a v a r i e t y  of  redox u n i t s  i n c l u d i n g  
hydroqu inone or  qu inone  e x h i b i t  a wide range of  p r o p e r t i e s .  Tab le  4 
compi les  t h e  p r o p e r t i e s  of  some po ly co n d e n s a te s  of pheno l - fo rm aldehyde  
wi th  v a r io u s  redox u n i t s .  Some of t h e s e  r e s i n s  were q u i t e  s t a b l e ;  
o t h e r s  degraded and decomposed in  c o n t a c t  wi th  s t r o n g  o x i d a n t s .
As s t a t e d  e a r l i e r ,  t h e  change in c o n c e n t r a t i o n  o f  one component 
of a m ix tu re  r e s u l t s  in change of  p h ys ic a l  and chemical p r o p e r t i e s  of
t h e  r e s i n .  In f a c t ,  t h e  redox c a p a c i t y  ( t h e  amount of  redox
e q u i v a l e n t  p e r  gram of  redox r e s i n )  of  t h e  r e s i n  i n c r e a s e s  wi th  
i n c r e a s e  i n  r a t i o  of  fo rm ald ehyde .  The p he no l - fo rm a lde hyde -  
hydroquinone  polymers g e n e r a l l y  show de c re a s e d  chemical s t a b i l i t y  as 
t h e  phenol c o n te n t  i s  lowered ;  however ,  t h e  c o n te n t  of  formaldehyde
seems t o  have s l i g h t  e f f e c t  on i t s  chemical s t a b i l i t y .  Krugl ikova  and
Pashkov^®*1^  prepa red  t h e  s u l f o n i c  a c id  d e r i v a t i v e s  of  p y roca tec ho l  
and hydroquinone by p o l y c o n d e n s a t io n  wi th  formaldehyde and ph e n o l .
They found t h a t  t h e  chemical  s t a b i l i t y  and t h e  s w e l l i n g  p r o p e r t i e s  of 
such polymers i n c r e a s e d  wi th  t h e  r a t i o  of p h e n o l ,  but  t h e i r  redox 
c a p a c i t i e s  d e c r e a s e d .
Resins  c o n t a i n i n g  a n th r a q u in o n e  were found t o  r e a c t  more s lowly  
wi th  redox a g e n t s  than  t h o s e  having  hydroquinone  u n i t s .  Rendering t h e  
r e s i n  h y d r o p h i l i c  by rep lacem en t  of  phenol with p h e n o l s u l f o n i c  a c id  
f a i l e d  t o  i n c r e a s e  t h e  redox a c t i v i t y .
Table 4: P ro p er tie s  o f  Some P olycond en sates o f
*Phenol-Formaldehyde w ith  Redox U n itB
Redox u n it  Formula Redox cap. Em W
(m eq/g) (pH=7)
A liz a r in  0 .5
>H
A nthrarufin  1 .1 -2 .1
C hrysazin 1 .5 -2 .5
Hydroquinone , ho-^C -^oh 7 0 .2 2
2-H ydroxy- i g H g T  1 . ,  0 .19
anthraquinone n
■K5
Juglone 4 .5  0 .12
0
HO 0
Q u in a liza r in  1 .4 - 2 .5
o
f i  jlh
Purpurin r o r i f W 0” 0 .7
O OH 
*
R eferen ces 128, 129, and 130
Redox po lyam ides®9 ( e q .  12) in  reduced form were wh i te  t o  l i g h t  
brown powder f l a k e s ,  s o l u b l e  in  DMAc, DMF, and fo rm ic  a c i d .  The 
o x i d i z e d  polymers were y e l lo w  s o l i d s ,  s o l u b l e  in  t h e  same s o l v e n t s .  
U n f o r t u n a t e l y ,  t h e  redox p r o p e r t i e s  of t h e s e  polyamide r e s i n s  were not  
s t u d i e d .
Hydroquinone p o l y c a r b o n a t e s ®5 ( eq .  7) had m o le c u la r  we igh ts  
r an g ing  between 380 and 20 ,0 00 .  While t h e  reduced forms e x i s t e d  as 
c o l o r l e s s  waxes or  o i l s ,  t h e  o x id iz e d  forms were ye l lo w  or  b rownish-  
y e l lo w  s o l i d s .  The v i s c o s i t i e s  of  t h e  reduced r e s i n s  were found t o  be 
h i g h e r  than  t h o s e  of t h e  o x id iz e d  forms .  The midpoin t  p o t e n t i a l s  were 
g e n e r a l l y  around 0.64V.
Hydroquinone polyurethanes®® (eq .  8 ) were g e n e r a l l y  s o l u b l e  in 
THF and DMF. The reduced polymers were whi te  powders;  t h e  o x i d i z e d  
ones were b r i g h t  ye l low  s o l i d s .  The v i s c o s i t i e s  of  the  reduced forms 
were l a r g e r  than  th o s e  of  ox id iz e d  forms .  The redox p o t e n t i a l s  were
0 . 2 5 - 0 . 29V.
2.  Vinyl po lymers:  In g e n e r a l ,  polymers  in  which hydroxyl  
f u n c t i o n a l i t i e s  a r e  masked by p r o t e c t i n g  groups such as  b e n z o y l ,  
m e th y l ,  b i s (m e th o x y m e th y l ) ,  and b i s ( e t h o x y e t h y l ) ,  a re  r e a d i l y  s o l u b l e  
in  h a loge na te d  s o l v e n t s ,  benzene ,  and t o l u e n e .  They can be
p r e c i p i t a t e d  from t h e s e  s o l v e n t s  i n t o  methanol o r  e th ano l  as  whi te
h
powders.  On t h e  o t h e r  hand,  The f r e e  OH-polymers once produced a r e  no .. 
l o n g e r  s o l u b l e  in t h e  above-mentioned  s o l v e n t s ,  but  a r e  s o l u b l e  in 
m ethano l ,  d io x a n e ,  THF, and DMF. The f r e e  hydroquinone polymers a r e  
not  very s o l u b l e  in  g l a c i a l  a c e t i c  a c i d ,  but  i f  l i t t l e  w a te r  i s  added 
they  d i s s o l v e  r e a d i l y ,  s u g g e s t i n g  t h a t  i n t e r m o l e c u l a r  i n t e r a c t i o n s  of  
t h e  p o l a r  groups may c r o s s l i n k  th e  cha in  but  t h e  weak a s s o c i a t i o n  i s
57
r e a d i l y  r ep la ce d  by i n t e r a c t i o n  wi th  w a te r  m o le c u le s .
These polymers a r e  w h i te  in c o l o r  when i n i t i a l l y  i s o l a t e d .  As 
opposed t o  t h e i r  p r e c u r s o r s ,  they  become u n s t a b l e  t o  a i r  and t u r n  pink 
e s p e c i a l l y  when m o is tu re  i s  p r e s e n t .  The f u l l y  o x id iz e d  polymers  a r e  
ye l lo w  and e x h i b i t  lower  s o l u b i l i t y  t h a n  t h e  reduced  r e s i n s ,  but  they  
can be d i s s o l v e d  in THF, DMF, and d io x a n e .  The p a r t i a l l y  o x id iz e d  
polymers show a l s o  de c re a s e d  s o l u b i l i t y  in o r g a n ic  s o l v e n t s .
These polymers  can be made w a t e r - s o l u b l e  i f  a s u l f o n i c  a c id  group 
i s  i n t r o d u c e d .  For  example,  C a s s id y **0 r e p o r t e d  t h e  s u l f o n a t i o n  of 
p o ly (v in y lh y d ro q u in o n e  d i b e n z o a t e )  wi th  c o n c e n t r a t e d  s u l f u r i c  a c i d .
The r e s u l t i n g  s u l f o n a t e d  polymer,  wi th  t h e  e s t e r  group c le a v e d  in 
s i t u ,  i s  q u i t e  s o l u b l e  in  w a t e r .  Another  method of  producing  w a t e r -  
s o l u b l e  r e s i n s  i s  t o  copolym erize  a redox monomer wi th  h y d r o p h i l i c  
comonomer such as a c r y l i c  a c i d ,  e s t e r ,  and amide.  For example,  N-4- 
v i n y lb e n z y ln i c o t i n a m i d e  homopolymer i s  i n s o l u b l e  in w a t e r ;  w a t e r -  
s o l u b l e  copolymer could be o b t a i n e d ,  however,  by c o p o ly m e r i z a t io n  wi th  
m e t h y l a c r y l i c  a c id  or  w i th  a c r y l a m i d e . 94
C r o s s l i n k e d  polymers show no s o l u b i l i t y  in  o r g a n ic  s o l v e n t s  but  
th ey  can be swollen in  some media.  For  example ,  t h e  copolymer of 
v in y lh ydroqu in one  d ib e n z o a te  wi th  d i v i n y l  benzene was o b ta in e d  as h a r d ,  
w h i t e ,  opaque beads t h a t  swe l led  in  t o l u e n e  and benzene .  Upon 
s a p o n i f i c a t i o n ,  t h e s e  beads sw e l led  in  _t>butyl a lc oho l  and became 
t r a n s p a r e n t . 95 A t e rp o ly m e r  of  v in y lh y d r o q u in o n e ,  a - m e t h y l s t y r e n e ,  
and 5% d i v i n y l  benzene behaved in  t h e  same way as t h e  copolymer.  The 
s u l f o n a t i o n  of  t h i s  r e s i n  y i e l d e d  a product  in  t h e  form of  beads which 
were h igh ly  swol len  in  w a t e r ,  and could  be r e a d i l y  o x id iz e d  and then  
reduced .  Degradat ion of  t h e  polymer was d e t e c t e d  a f t e r  pro longed
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c o n t a c t  with s t r o n g  o x i d i z i n g  a g e n t s  such as  e e r i e  s u l f a t e  or  bromine 
w a t e r .  The s u l f o n a t e d  polymer behaved as redox r e s i n  and c a t i o n  
exchange r e s i n  as  w e l l .  The redox c a p a c i t y  was e v a l u a t e d  as 5 .7  
meq/g,  and t h e  c a t i o n - e x c h a n g e  c a p a c i t y  was found t o  be 3.9 meq/g . 111
I I I .  A p p l i c a t i o n s :  The b e s t  a p p l i c a t i o n  of  redox polymers i s
t h e i r  use as i n s o l u b l e  and r e c y c l a b l e  o x i d i z i n g  and reduc ing  agen ts  in
chemical r e a c t i o n s .  In t h i s  c a s e ,  t h e  f e a t u r e  of  t h e i r  use i s  the
easy s e p a r a t i o n  from t h e  s u b s t r a t e  s o l u t i o n  by s imple  f i l t r a t i o n ,
t h e r e b y  e l i m i n a t i n g  t h e  p u r i f i c a t i o n  work-up and p o s s i b l e
c o n ta m in a n t s .  This  was obse rved  in  t h e  o x i d a t i o n  of  pr imary  amines t o
ke tones  by t e r t - b u t y 1-o -benzoqu in one  redox r e s i n s  as  ment ioned
e a r l i e r 15 (eq .  4 ) .  Moreover ,  Manecke11® o x id iz e d  numerous o r g a n i c
compounds by p a s s i n g  them th rough  a r e s i n  bed composed of
hydroqu inone -pheno l - fo rm a ldehyde  c o n d e nsa t ion  r e s i n ,  or  by mixing t h e
r e s i n  with t h e  s u b s t r a t e  s o l u t i o n s .  In t h i s  way, Haas and S c h u l e r 119
were a b le  t o  dehydrogena te  t e t r a l i n  t o  y i e l d  n a p h th a l e n e .  A lso ,
190C a s s i d y ^  d e s c r i b e d  t h e  o x i d a t i o n  of  hydrazobenzene t o  azobenzene 
employing t h e  same t e c h n i q u e .  Manecke1^ 1 ,1 ^  f u r t h e r  r e p o r t e d  t h e  
o x i d a t i o n  of c y s t e i n e  t o  c y s t i n e  and a s c o r b i c  a c id  t o  de h y d ro a s c o rb i c  
a c i d .
Redox polymers  i n  t h e i r  reduced forms were used f o r  t h e  r e d u c t io n  
of ions and f o r  d e p o s i t i n g  m e ta l s  from s o l u t i o n s .  For  example,
Manecke11^ employed p o ly (v in y lh y d r o q u in o n e )  r e s i n  t o  d e p o s i t  s e v e r a l  
m e ta l s  from t h e i r  ion s o l u t i o n s  by a ba tch  p r o c e s s .  In t h i s  manner ,  
s i l v e r  was d e p o s i t e d  from AgNOg s o l u t i o n ,  coppe r  from Cu^+- s u l f u r i c  
ac id  s o l u t i o n ,  t e l l u r i u m  from t e l l u r i t e  s o l u t i o n ,  and se len ium  from 
s u l f u r i c  a c i d - s e l e n a t e  s o l u t i o n .  The d e p o s i t e d  m e ta l s  cou ld  be
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d i s s o l v e d  w i thou t  a f f e c t i n g  t h e  redox r e s i n s .  Iwabuchi®u s t u d i e d  t h e  
a d s o r p t i o n  of  m e t a l l i c  ions  onto r e s i n s  having  hydroquinone  and 
c a te c h o l  m o i e t i e s .  In t h i s  i n v e s t i g a t i o n , r e s i n s  wi th  c a te c h o l  u n i t s  
adsorbed  n e a r l y  10 t im es  more m ercu r ic  ions  (Hg2+) than  o t h e r  m e t a l l i c  
i o n s  s t u d i e d ,  i . e .  coppe r  (Cu2+) ,  aluminum (Al^+ ) ,  c o b a l t  (Co^+ ) ,  and 
lead  (Pb2+) .  Under t h e  same c o n d i t i o n s  as t h e  c a te c h o l  e x p e r i m e n t s ,  
a d s o r p t i o n  of  m e t a l l i c  ions  by r e s i n s  wi th  hydroquinone  group f a i l e d  
in  a l l  c a s e s .
Removal of  oxygen from w a te r  i s  d e s i r a b l e  because t h e  c o r r o s i o n
of  i r o n  and s t e e l  in  c o n t a c t  wi th  water  i s  though t  in  p a r t  t o  be
1 99r e l a t e d  t o  t h e  d i s s o l v e d  oxygen in  w a t e r .  Manecke1^  r e p o r t e d  t h a t  
co n d e n sa t io n  polymers  of hydroqu inone -pheno l - fo rm a ldehyde  removed 
oxygen from w a te r  very e f f i c i e n t l y  w i th o u t  t h e  a d d i t i o n  of  s a l t s  or  
o t h e r  c o n ta m in a n t s .  The co u rs e  of t h i s  removal of  oxygen a p p a r e n t l y  
in vo lved  t h e  o x i d a t i o n  of t h e  reduced form of  t h e  r e s i n  wi th  oxygen t o  
quinone w h i le  t h e  r e s u l t i n g  hydrogen p e ro x id e  r e a c t e d  with a n o th e r  
hydroquinone group t o  g ive  quinone and w a t e r .  The deoxygenat ion  by 
t h i s  method was found t o  be more e f f i c i e n t  and f a s t e r  than  t h e  
con v e n t io n a l  t e c h n i q u e  u s in g  n i t r o g e n .  The r e s i n  showed g r e a t  
po tency  in  c o n v e r t i n g  d i s s o l v e d  oxygen t o  hydrogen p e ro x id e  in  t h e  
p r e s e n c e  of  s t a b i l i z e r s ;  t h e  y i e l d  was between 80 t o  100%. I t  was 
a l s o  s u g ge s te d  t h a t  t h e  above redox r e s i n s  may be used as  a n t i  o x i d a n t s  
because  of  t h e i r  g r e a t  r e a c t i v i t y  w i th  oxygen.
O x i d a t i o n - r e d u c t i o n  polymers  c o n t a i n i n g  hydroquinone -qu inone  
systems may be used t o  m a in ta in  a given redox p o t e n t i a l  in  b i o l o g i c a l  
systems and t o  m a in ta in  t h e  r educ ing  c o n d i t i o n s . * 2^ Reduced 
cytochrome c was p repa red  u s ing  redox p o lym e rs ;*2^ t h e  a c t i v i t y  of
6o
t h i s  enzyme was r e t a i n e d  a f t e r  t h e  t r e a t m e n t  with t h e  po lymer.  The 
advan tages  of  t h i s  method over  t h e  conven t iona l  way of  r educ ing  
cytochrome c (wi th d i t h i o n i t e  and hydrogena t ion  us ing  a p la t in um  o r  
pa l l ad ium  c a t a l y s t )  a r e  f reedom from i o n i c  con ta m in an ts  and no need 
f o r  a metal c a t a l y s t .  Another  biochemica l  a p p l i c a t i o n  i s  t h e  
d e hydrogena t ion  of  NADH t o  NAD+ by t h e  use of t h e  quinone form of  t h e  
condensed redox p o l y m e r .118,125
Other  a p p l i c a t i o n s  of  redox polymers  i n c l u d e  pho to g ra p h ic  and 
e l e c t r i c a l  u s e s .  I t  was found t h a t  hydroquinone redox polymers could 
be employed as  n o n - d i f f u s i n g  reduc ing  agen ts  t o  p h o tog ra ph ic  c o l o r  
e m u l s io n s .* 26 Redox polymers were a l s o  a p p l i e d  in  d e p o l a r i z a t i o n  mass 
f o r  pr imary and secondary  cel I s . 12  ^ B a t t e r i e s  u s ing  redox polymers 
a re  c la imed t o  e l i m i n a t e  p o s s i b l e  d e t e r i o r a t i o n  due t o  t h e  c o r r o s i o n  
of  t h e  lead  or  i ro n  accum ula to rs  caused by l i q u i d  e l e c t r o l y t e s .
C. O b je c t iv e s
The f o re g o in g  survey  of t h e  l i t e r a t u r e  drove  us t o  h igh ly  es teem 
t h e  va lue  of  redox po lymers .  Our work focused  on e v a l u a t i n g  
p o l y ( v i n y l c a t e c h o l s ) because  redox polymers with pendent  c a te c h o l  
groups would e x h i b i t  : a) low redox p o t e n t i a l s ,  b) high r e a c t i v i t y  
towards  e l e c t r o p h i l i e  s u b s t i t u t i o n ,  and c) c o p la n a r  b i d e n t a t e  
complexing p r o p e r t i e s .  The p o s s i b i l i t y  of  u n d e s i r a b l e  s i d e  r e a c t i o n s  
stemming from c o n d e n sa t io n  of u n rea c te d  ch loromethy l  groups a f t e r  
a t t achm en t  of hydroqu inone  or  c a te c ho l  m o ie t i e s  on to  preformed 
c h lo r o m e th y la t e d  po lymer ,  o r  e l e c t r o p h i l i e  a d d i t i o n  t o  t h e  a c t i v e  
a rom a t ic  r ing  of t h e  c a te c h o l  p r e c u r s o r s ,  a r e  d i s t i n c t  d i s a d v a n t a g e s  
t o  p r e p a r a t i o n  of  po lymer ic  c a t e c h o l s  by polymer m o d i f i c a t i o n .  The
s i d e  r e a c t i o n s  i n t r o d u c e  c r o s s l i n k s  which w i l l  r ende r  a s o l u b l e  
polymer s u b s t r a t e  i n s o l u b l e ,  or  reduce t h e  a c c e s s i b i l i t y  of  a c t i v e  
s i t e s  on a c r o s s l i n k e d  m a t r i x .  Although t h e s e  r e s i n s  e x h i b i t e d  
i n t e r e s t i n g  redox and c h e l a t i n g  p r o p e r t i e s ,  they  were d i f f i c u l t  t o  
c h a r a c t e r i z e  due t o  t h e  e x t e n t  o f  t h e i r  i n s o l u b i l i t i e s .  Thus 
polymeric  c a t e c h o l s  wi th  high c o n te n t  of  c a te c h o l  redox u n i t s ,  and 
which could be e a s i l y  amenable t o  s p e c t r o s c o p i c  c h a r a c t e r i z a t i o n  
t e c h n i q u e s  a r e  very d e s i r a b l e .  S y n t h e s i s  of  p o l y ( v i n y l c a t e c h o l s ) , 
r e a d i l y  c h a r a c t e r i z e d  po lym ers ,  proved t o  be t h e  p r e f e r r e d  r o u t e  in 
p r o v id in g  a l a r g e  c o n te n t  of  c a te c h o l  groups on t h e  polymer c h a i n s .  
Even though v in y lhyd roqu inone  polymers  have been s y n t h e s i z e d  and 
showed some v a l u a b l e  redox p r o p e r t i e s ,  p o l y ( v i n y l c a t e c h o l s )  g ive  
promise of  p o s s e s s i n g  b e t t e r  redox p r o p e r t i e s  and by f a r  more 
e f f i c i e n c y  in  a d s o r p t i o n  of m e t a l l i c  i o n s .  The o b j e c t i v e  of  t h i s  
r e s e a r c h  was t o  s y n t h e s i z e  monomeric c a te c ho l  p r e c u r s o r s ,  a s c e r t a i n  
t h e i r  p o l y m e r i z a b i l i t y ,  i n v e s t i g a t e  t h e  r e a c t i v i t y  of  
p o l y ( v i n y l c a t e c h o l ) p r e c u r s o r s ,  and f i n a l l y  g e n e r a t e  
p o l y ( v i n y l c a t e c h o l ) and c h a r a c t e r i z e  i t s  a c t i v i t y .
RESULTS AND DISCUSSION
As d e s c r i b e d  in  t h e  i n t r o d u c t i o n ,  po lymer ic  c a t e c h o l s  cannot  be 
r e a d i l y  s y n t h e s i z e d  in  a s i n g l e  s t e p .  The p h e n o l i c  f u n c t i o n a l i t i e s  
a r e  a n t i c i p a t e d  t o  be powerful  i n h i b i t o r s  of  f r e e  r a d i c a l  
p o l y m e r iz a t io n  of  v iny l  monomers. T h e r e f o r e ,  t h e  p h e n o l i c  f u n c t i o n s  
must be masked.  The methy lened ioxy l  g roup ,  a formal  l i n k a g e ,  was t h e  
f i r s t  cho ic e  as  a b lock ing  group because  we a n t i c i p a t e d  i t s  f a c i l e  
a c id  c leavage  t o  l i b e r a t e  t h e  f r e e  c a te c h o l  m o i e t i e s .  Hence, 5 - v i n y l -
1 ,3 - b e n z o d i o x o le ,  28, was p repa re d  and po lymer ized t o  a f f o r d  p o l y ( 5 -  
v i n y l - l , 3 - b e n z o d i o x o l e )  w i th  no major  d i f f i c u l t y ;  however ,  r a t h e r  
extreme c o n d i t i o n s  (BCI3 in  CH3OH) were r e q u i r e d  t o  l i b e r a t e  t h e  
c a te c ho l  f u n c t i o n .  As an a d d i t i o n a l  a s p e c t  o f  our  s t u d y ,  t h i s  polymer 
was s u b je c t e d  t o  chemical  r e a c t i o n s  in  o r d e r  t o  e v a l u a t e  i t s  
r e a c t i v i t y .  C h lo rom e thy la t  i o n ,  a key i n t e r m e d i a t e  p ro c e s s  f o r  
subsequen t  n u c l e o p h i l i c  m o d i f i c a t i o n s ,  was e x p l o r e d ;  t h e  r e s u l t  was 
always an i n s o l u b l e  b lu e  r e s i n  which d e f i e d  c h a r a c t e r i z a t i o n .  S i m i l a r  
r e s u l t s  were observed  when i m i d o a l k y l a t i o n  was a t t e m p t e d .  We r e l a t e d  
t h e s e  r e s u l t s  t o  t h e  fo rm a t ion  of  an u n u s u a l l y  s t a b l e  complex between 
t h e  methylenedioxy l  group and a Lewis a c i d .  The unexpected s t a b i l i t y  
of  benzod ioxo les  prompted us t o  r e e v a l u a t e  methoxy s u b s t i t u e n t s  as 
b lock ing  g roups .  Also ,  we expec ted  t h a t  a 1 ,4 -benzod ioxane  f u n c t i o n a l  
group would be e a s i e r  t o  hydro lyze  than  a 1 , 3 - b e n z o d i o x o le  group.  
A c c o rd ing ly ,  t h e  s y n t h e s i s  of  monomeric v i n y l c a t e c h o l  p r e c u r s o r y ,
2 9 - 3 2 , was de s igne d  and t h e i r  p o l y m e r i z a b i l i t y  was i n v e s t i g a t e d .
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A. Monomer S y n th e s i s
We exp lo red  f o u r  d i f f e r e n t  r o u t e s  f o r  t h e  s y n t h e s i s  of monomeric 
v i n y lc a t e c h o l  p r e c u r s o r s ,  i . e . :
1) Dehydra t ion of  t h e  c o r r e spond ing  a - p h e n y le th y l  a l c o h o l s ,
2) W i t t i g  methena t ion  of t h e  benzaldehyde d e r i v a t i v e s ,
3) D eca rboxy la t ion  of  t h e  cinnamic a c id  d e r i v a t i v e s ,  and
4) W i t t i g  r e a c t i o n  of s u b s t i t u t e d  benzyl y l i d e s  with fo rm aldehyde .
With t h e  ex c ep t io n  of  2 ,3 -m e thy le ne d ioxybe nz a lde hyde ,  a key 
i n t e r m e d i a t e  of monomer _3^ t h e  benzaldehyde d e r i v a t i v e s  employed in  
t h e  f i r s t  two methods were p u rcha se d .  T h e r e f o r e ,  a s y n t h e s i s  o f  t h i s  
i n t e r m e d i a t e  was u n d e r t a k e n .  A number of  workers  have r e p o r t e d  
m e th y le n a t io n  of  c a te c h o l  d e r i v a t i v e s .  Bonthrone and C o r n f o r t h 1^  
were a b le  t o  m e thy le na te  c a te c ho l  u s ing  dibromomethane in  d i p o l a r  
a p r o t i c  s o lv e n t  such as  DMSO in t h e  p resence  of  s o l i d  sodium 
h y d r o x id e .  Basha l l  and C o l l i n s 1"*® conduc ted  t h e  m e th y le n a t io n  
r e a c t i o n  of  c a te c ho l  d e r i v a t i v e s  in t h e  absence of  a d i p o l a r  a p r o t i c  
s o l v e n t  by employing a phase t r a n s f e r  c a t a l y s t  and a s t r o n g  b a s e .  In 
our  work, two methods were e v a lu a t e d  f o r  t h e  p r e p a r a t i o n  of
2 ,3 -m e thy le ned io xybenza ldehyde  as shown in e q u a t io n  27.  The b e t t e r  
p rocedure  invo lved r e a c t i o n  of  2 ,3 -d ih yd roxybenza ldehyde  with 
d i iodomethane  and po tass ium  c a rb o n a te  in  t h e  p re se nc e  of  c u p r i c  o x id e ;  
t h e  benzaldehyde d e r i v a t i v e  could be i s o l a t e d  i n  60% y i e l d .  Re a c t ion  
of  t h e  dihydroxybenzaldehyde  with d ich lo rom e thane  and a l a r g e  amount 
of  cesium f l u o r i d e  as d e s c r i b e d  by M i l l e r 1"*9 y i e l d e d  only 23% of  t h e  
d e s i r e d  p r o d u c t .  The d r i v i n g  f o r c e  of  t h e  m e th y le n a t io n  of  t h e  
c a te c h o l  in  t h i s  r e a c t i o n  i s  though t  t o  be t h e  fo rm a t ion  of a hydrogen 
bond between t h e  f l u o r i d e  anion and t h e  a rom a t ic  m o le c u le .  The
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chemical s h i f t  of t h e  m ethy le ned ioxy l  p ro to n s  of  2 , 3 - m e th y le n e d io x y ­
benzaldehyde  i s  downf ie ld  ( 6 . 2 - 6 . 3 6 )  from t h a t  observed  in  t h e  
spect rum of  p ip e ro n a l  ( 5 . 8 2 6 ) .  2 ,3-Dimethoxybenza ldehyde  could  be 
a l s o  p repa red  in  77% by t r e a t m e n t  of  2 ,3 -d ihyd roxybenza ldehyde  wi th  
iodomethane a cco rd ing  t o  e q u a t i o n  27 ( eq .  2 7a ) .
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a -P h en y le th y l  a lcoho l  d e r i v a t i v e s  were o b t a in e d  in  q u a n t i t a t i v e  
y i e l d s  (73-90%) v i a  G r ignard  r e a c t i o n s  as  shown i n  e q u a t io n  28. The 
commercial ly  a v a i l a b l e  methylmagnesium bromide in e t h e r  was found more 
e f f i c i e n t  than  methylmagnesium i o d id e  produced in  s i t u  in  t erms of 
y i e l d s  i s o l a t e d .  As long as  t h e  Gr ignard rea g e n t  e x i s t e d  in  e t h e r  
s o l u t i o n ,  c le a va ge  of  t h e  b lock ing  groups could  not  be d e t e c t e d ;  s o l i d  
Gr ignard r e a g e n t s  when f r e e d  from e t h e r  form amorphous s o l i d s  and 
a c q u i r e  t h e  p r o p e r t y  of  c l e a v in g  e t h e r s . ^  Although t h e  r e a c t i o n s  
were a l l  c a r r i e d  out  in anhydrous e t h e r ,  t h e  Grignard r e a c t i o n  of 
l , 4 - b e n z o d io x a n e -6 - c a rb o x y a ld e h y d e  u s in g  anhydrous THF f a i l e d  t o  
produce t h e  c o r r e s p o n d in g  a l c o h o l .  The Grignard p rocedures  were 
c a r r i e d  out  wi th  s t i r r i n g  by a magnet ic  s t i r r i n g  bar  because  when a 
mechanical  s t i r r e r  was used in  t h e  Gr ignard p r o c e d u r e ,  t h e  p roduc t  
ob ta in e d  was t h e  polymer i n s t e a d  of t h e  a l c o h o l .  The a -p he ny le thy l  
a l c o h o l s  were c h a r a c t e r i z e d  by *H NMR (Table  8 ) and were used w i th o u t  
f u r t h e r  p u r i f i c a t i o n ;  t h e  chemical  s h i f t  of  t h e  hydroxyl  f u n c t i o n
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(HKDCHCHj) v a r i e d  between 2 .5  and 4 .056  and t h e  peaks were g e n e r a l l y  
broad .
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R j-H ,  R1*R 2-  -OCH20 - .
The deh y d ra t io n  oc c u r r e d  a t  moderate  t e m p e r a t u r e s  (180-200 °C) 
over  po tass ium  b i s u l f a t e  in  t h e  p r e s e n c e  of  an i n h i b i t o r ,  cuprous 
c h l o r i d e ,  and th e  vinyl  monomers were d i s t i l l e d  under  reduced 
p r e s s u r e .  The i n h i b i t o r  was not  com ple te ly  e f f e c t i v e  as t h e  thermal  
p o l y m e r iz a t io n  dec re a sed  t h e  i s o l a t e d  y i e l d s  of  t h e  v iny l  monomers 28 ,^ 
29 ,^ j t t ,  and s u b s t a n t i a l l y .  Attempted d e h y d ra t io n  over  po tas s ium  
hydrox ide  led  t o  i s o l a t i o n  of  t h e  pure d i s t i l l e d  a l c o h o l s .  On t h e  
o t h e r  hand,  t h e  d e h y d ra t io n  o f  a -p h e n y le th y l  a l c o h o l s  in  t h e  p r e s e n c e  
of a t r a c e  of  a c id  and a t  h ig h e r  t e m p e ra t u re s  a f f o r d e d  an i n s o l u b l e  
b lack t a r  in  t h e  d i s t i l l i n g  f l a s k .  C a t i o n i c  p o l y m e r i z a t i o n  of t h e  
i n i t i a l l y  formed v inyl  monomer accompanied by a t t a c k  o f  t h e  growing
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carbonium ion  a n d /o r  of  a p r o to n a t e d  benzyl  a lcoho l  u n i t  on t h e  a c t i v e  
a rom a t ic  r in g  of  t h e  prepolymer g e n e r a t e d ,  w i l l  r e s u l t  on a 
c r o s s l i n k e d  r e s i n .  I s o l a t e d  y i e l d s  and p r o p e r t i e s  o f  t h e  monomers a r e  
given in Table  6 and t h e i r  p r o p e r t i e s  a r e  summarized in  Table  7.
2 , 3 - D im e th o x y s ty r e n e ,  3C[, was more d i f f i c u l t  t o  po lymer ize  
t h e r m a l l y ;  i t  could be d i s t i l l e d  se v e r a l  t im es  under  reduced p r e s s u r e  
w i th o u t  producing  a r e s i d u e  even when t h e  i n h i b i t o r  was o m i t t e d .  I t  
was f i r s t  b e l i e v e d  t h a t  an o r th o  methoxy s u b s t i t u e n t  e i t h e r  i n h i b i t s  
t h e  f o rm a t ion  of  t h e  2+4 c y c l o a d d i t i o n  a d d u c t ,  which i s  p o s t u l a t e d  t o  
be t h e  key i n t e r m e d i a t e  in  t h e  thermal  p o l y m e r i z a t i o n  of  s t y r e n e , ^  
o r  t h e  r e g i o s e l e c t i v i t y  of  t h e  p roces s  a l lows  t h e  fo rm a t ion  of  
b r idgehead  methoxy a dduc ts  o n l y .  To e s t i m a t e  t h e  e x t e n t  of  t h e  o r t h o -  
methoxy e f f e c t , j w n e t h o x y s t y r e n e  was p repa re d  in  high  y i e l d  (90%) 
a c co rd in g  t o  e q u a t i o n  28.  Thermal p o l y m e r i z a t i o n  of  30 and 
j j -m e thoxys ty rene  was observed only when d i s t i l l a t i o n  of  t h e  monomers 
a t  200-220 °C under  a tm osphe r ic  p r e s s u r e  was a t t e m p t e d .  These r e s u l t s  
d e m o n s t ra te  t h e  r e t a r d i n g  e f f e c t  of  an o r t h o - methoxy group on t h e  
thermal  p o l y m e r iz a t io n  of  s t y r e n e  monomers.
None of  t h e  a l t e r n a t i v e  s y n t h e t i c  approaches  produced t h e  d e s i r e d  
monomers in  y i e l d s  comparable  t o  t h o s e  o b t a in e d  from t h e  d e h y d r a t io n  
p r o c e s s .  Monomer 28^was t h e  only one s y n th e s i z e d  via  d e c a r b o x y la t i o n  
of t h e  cinnamic a c id  d e r i v a t i v e  in  t h e  p re se nc e  of hydroquinone  
( eq .  29) .  N e u t r a l i z a t i o n  of  t h e  q u i n o l i n e  component wi th  aqueous 
and subsequen t  work-up a f f o r d e d  t h e  monomer 28 .  The m in i s c u l e  y i e l d  
(8.3%) recovered  p rec luded  f u r t h e r  e v a l u a t i o n  of  t h i s  method.
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Cu. Hydroquinone ^
Quinoline, A
eq. 29
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The W i t t i g  r e a c t i o n  (eq .  30 ) ,  u s ing  t h e  y l i d e  d e r iv e d  from 
methy tr ipheny lphosphonium bromide was m odera te ly  s u c c e s s f u l .  The same 
benzaldehyde  p r e c u r s o r s  r e q u i r e d  f o r  t h e  Gr ignard  p rocedu re  could be 
con v e r t ed  t o  monomers upon t r e a t m e n t  with phosphonium y l i d e s  produced 
by a t t a c k  o f  m ethy l t r ipheny lphosphon ium  bromide by b u t y l l i t h i u m .  
However, t h e  y i e l d s  were g e n e r a l l y  h a l f  t h o s e  o b t a in e d  from t h e  
Gr ignard  p rocedure  and an o r g a n o m e t a l l i c  r e a g e n t  was s t i l l  r e q u i r e d .
An enormous q u a n t i t y  of phosph ine  o x i d e ,  a b y - p r o d u c t ,  was i s o l a t e d  by 
f i l t r a t i o n .  Attempts  t o  conduct  t h e  W i t t i g  r e a c t i o n  in  benzene-  
a l k a l i n e  m ix tu re s  as d e s c r i b e d  by Tagaki e t  a l . 142 f a i l e d  in  each 
c a s e ;  t h e  s t a r t i n g  m a t e r i a l  remained i n t a c t  and can be recovered  
a lmos t  q u a n t i t a t i v e l y .  The use of methylene c h l o r i d e  as a l t e r n a t i v e  
s o l v e n t  and te t r abuty lammonium c h l o r i d e  as a phase t r a n s f e r  c a t a l y s t  
d id  not  a l t e r  t h e  r e a c t i o n .  Probably t h i s  may be due t o  t h e  
decompos i t ion  of  t h e  phosphonium s a l t .
A m ult i  s t e p  monomer s y n t h e s i s ,  which does not  r e q u i r e  o rgano­
m e t a l l i c  r e a g e n t s ,  i n v o lv e s  i n i t i a l  conv e rs io n  of  benzyl  a l c o h o l s  t o  
benzyl  c h l o r i d e s ,  f o rm a t ion  of  benzylphosphonium s a l t s ,  and f i n a l l y  
t r e a t m e n t  of  benzyl y l i d e s  wi th  formaldehyde  (eq.  3 1 ) . 143 Reac t ion  of
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a p p r o p r i a t e l y  s u b s t i t u t e d  benzyl  a l c o h o l s  wi th  t h io n y l  c h l o r i d e  or  
with c o n c e n t r a t e d  h y d r o c h l o r i c  a c id  in  t h e  p resence  of  a c a t a l y t i c  
amount of  s u l f u r i c  a c i d ,  produced t h e  co r r e s p o n d in g  benzyl  c h l o r i d e s  
in moderate  y i e l d s  (60-90%). Phys ica l  p r o p e r t i e s ,  y i e l d s ,  and mass 
s p e c t r a  of t h e  benzyl  c h l o r i d e s  a re  summarized in  Table  9 .  They were 
a l l  p u r i f i e d  by vacuum d i s t i l l a t i o n  b e fo re  u s e .  However, a f t e r  
p rolonged  s ta n d in g  a t  room t e m p e r a t u r e ,  t h e  benzyl c h l o r i d e s  
s o l i d i f i e d  t o  b lue  black c r y s t a l s  which were e a s i l y  d i s s o l v e d  in  
h a lo g e n a te d  s o l v e n t s ;  b e n z y l a t i o n  may occur  between t h e  benzyl  
c h l o r i d e  molecules  due t o  t h e  g r e a t  a c t i v i t y  of  t h e  a rom a t ic  r i n g ,  
which i s  expec ted  s in c e  t h e  alkoxy  groups a r e  powerful  e l e c t r o n  
d o n a t in g  s u b s t i t u e n t s .  Q u a t e r n i z a t i o n  of  t r i p h e n y l p h o s p h i n e  with t h e  
benzyl  c h l o r i d e s  was c a r r i e d  out  in  ch lo ro fo rm ;  t h e  co r r e s p o n d in g  
phosphonium s a l t s  were i s o l a t e d  in q u a n t i t a t i v e  y i e l d s  (97-100%) as 
w h i te  s o l i d s  by p r e c i p i t a t i o n  in  e t h e r .  T he i r  m e l t i n g  p o i n t s  ranged 
between 215 and 240 °C. Y i e ld s ,  p h ys ic a l  p r o p e r t i e s  and mass s p e c t r a l
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d a t a  a re  compiled in Table  9. However, t h e  f i n a l  s t e p ,  g e n e r a t i o n  of 
t h e  phosphonium y l i d e s  and concommitant  r e a c t i o n  with fo rm a l in  in  50% 
aqueous sodium hydrox ide  a f f o r d e d  t h e  v iny l  monomers in moderate  
y i e l d s  a f t e r  p u r i f i c a t i o n  by pa ssage  th rough  . s i l i c a  g e l .
B. Po ly m e r iz a t io n  R eac t ions  of Monomers
I .  Homopolymeriza t ion: V iny lca tec ho l  monomer p r e c u r s o r s  were
a l l  po lymerized  v ia  f r e e  r a d i c a l ,  a n i o n i c ,  and c a t i o n i c  p o l y m e r i z a t i o n  
r e a c t i o n s .  The i s o l a t e d  polymers were c h a r a c t e r i z e d  by *H NMR,
13C NMR, IR, and e lem enta l  a n a l y s i s  (Table  10) .  The e x t e n t  of 
c o n v e r s i o n s ,  t h e  v i s c o s i t y  v a l u e s ,  and t h e  m o le c u la r  we igh ts  were 
de te rmined  and a r e  compiled in Table  11.
1. F ree  r a d i c a l  r e a c t i o n ,  bu lk  p o l y m e r i z a t i o n : Bulk o r  mass
p o ly m e r iz a t io n  i s  t h e  s i m p l e s t  p o l y m e r i z a t i o n  p ro c e s s  and t h e  polymer 
can be i s o l a t e d  with a minimum of co n ta m in a t io n  because of  t h e  absence  
of  o t h e r  a d d i t i v e s .  I t  i n v o lv e s  a d d i t i o n  of a small  amount of  
i n i t i a t o r  t o  t h e  pure  monomer and h e a t i n g  t o  a t e m p e r a t u r e  where t h e  
i n i t i a t o r  breaks  down t o  g ive  f r e e  r a d i c a l s .  However, s e v e r a l  
i n h e r e n t  d i sa d v a n ta g e s  may l i m i t  i t s  a p p l i c a b i l i t y .  F i r s t ,  thermal  
c o n t r o l  of t h e  r e a c t i o n  may be d i f f i c u l t  due t o  t h e  high e x o t h e r m i c i t y
of  viny l  p o l y m e r i z a t i o n .  The v i s c o s i t y  o f  t h e  system i n c r e a s e s  
r a p i d l y ,  and a t  high c o n v e r s i o n ,  t h e  k i n e t i c s  of  bulk p o l y m e r i z a t i o n  
become compl ica ted  by cha in  t r a n s f e r  t o  polymer and by a gel e f f e c t .
Po lym e r iz a t ion  of each of  t h e  pure monomers was conducted in  bulk 
i n  t h e  p re se nc e  of  a z o b i s i s o b u t y r o n i t r i l e  (AIBN) a t  70 °C. The h ig h ly  
v i sc ous  polymer produced d i s s o l v e d  in  o r g a n i c  media wi th  g r e a t  
d i f f i c u l t y .  However, moderate  t o  high c o n v e rs io n s  t o  polymer were 
ach ieved  w i t h in  one h o u r .  All of  t h e  polymers were s o l u b l e  in  
h a loge na te d  s o lv e n t s  exc ep t  carbon t e t r a c h l o r i d e ,  and i n  benzene .
Poly ^ s w e l l s  in  t o l u e n e  t o  a high degree*  t h e  r e s t  of  t h e  polymers  
d i s s o l v e d  c l e a n l y .  The i n t r i n s i c  v i s c o s i t i e s  were measured in  t o l u e n e  
and c a l c u l a t e d  ac co rd in g  t o  t h e  fo l l o w i n g  r e l a t i o n s h i p ;  benzene was 
t h e  s o l v e n t  f o r  poly
r  I V /r C =  concentration In a/m L
[77 1 * Lim s p 'c
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The i n s t r i n s i c  v i s c o s i t i e s  ranged from 0.15  dL/g f o r  p o l y ( 5 - v i n y l - 1 , 3 -  
benzod io xo le)  t o  0 .32  dL/g f o r  p o l y ( 2 , 3 - d i m e t h o x y s t y r e n e ) .  M olecu lar  
we igh ts  were e s t i m a t e d  u s ing  Mark-Houwink c o n s t a n t s  f o r  p o l y ( £ -  
m e th o x y s ty re n e ) 144 a c c o rd in g  t o  t h e  f o l l o w i n g  r e l a t i o n s h i p ,  and were 
m odera te .
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The maximum v i s c o s i t y  ave rage  m o le c u la r  we ight  a t t a i n e d  was 95 ,000 
u s ing  monomer 30. Apparen t ly  t h e  b lo c k in g  groups a c t  as c ha in  
t r a n s f e r  a g e n t s  in  e a r l y  t e r m i n a t i o n  of  t h e  growing c h a i n s .
2 . D i l a t o m e t r i c  s t u d i e s  of t h e  homopolymerizat ion  of  monomer 
3 0 : The k i n e t i c s  of  t h e  f r e e  r a d i c a l  p o l y m e r i z a t i o n  of  30 were 
e v a lu a t e d  d i l a t o m e t r i c a l l y  and t h e  r e s u l t  was compared t o  t h e  o v e r a l l  
r a t e  of  p o l y m e r iz a t io n  of  s t y r e n e  under  t h e  same c o n d i t i o n s .  The 
i n i t i a l  and o v e r a l l  r a t e s  of p o l y m e r i z a t i o n  (Rp1 and Rp) were ob ta in e d  
by us ing  t h e  f o l l o w in g  r e l a t i o n s h i p s  r e s p e c t i v e l y :
Rp m -  A  M /[M ] «  AV/VK ; Rp *  Rp t Ml
where aV/V i s  t h e  r a t e  of  t h e  volume change ,  V i s  t h e  t o t a l  volume of  
t h e  sys tem , [M] i s  t h e  monomer c o n c e n t r a t i o n ,  and K i s  t h e  c o n t r a c t i o n  
c o n s t a n t .  K, a c h a r a c t e r i s t i c  q u a n t i t y  f o r  a given monomer, was 
e v a lu a t e d  by g r a v i m e t r i c  d e t e r m i n a t i o n  of  o v e r a l l  conve rs ion  t o  be
0 .0 998 .  The p l o t  ( F i g .  1) of c o n t r a c t i o n  du r in g  t h e  p o l y m e r iz a t i o n  of  
t h e  monomer p rov ided th e  c a l c u l a t i o n  of  AV/At from t h e  s l o p e .  The 
o v e r a l l  r a t e ,  Rp, was found t o  be equal t o  2 .53x10"^ mol/L min. The 
c o r r e s p o n d in g  r a t e  f o r  s t y r e n e  under  i d e n t i c a l  c o n d i t i o n s  was observed  
t o  be 2.56x10"*- mol/L min.  The o v e r a l l  r a t e  of p o l y m e r i z a t i o n  of 
monomer ^  was a l s o  e s t i m a t e d  d i l a t o m e t r i c a l l y  and was found t o  be
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Figure 1: A p lo t  o f  c o n tr a c tio n  in  the d ila to m e te r  
during the p o lym eriza tion  o f  2 ,3 -  d i ­
me thoxys ty re  ne
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comparable  t o  t h a t  of  s t y r e n e . T h u s ,  t h e  methoxy and methy lened ioxy  
s u b s t i t u e n t s  do not  impact  upon t h e  f r e e  r a d i c a l  p o l y m e r i z a t i o n  of  t h e  
monomers. A more profound impact  would be expec ted  on t h e  c a t i o n i c  
po ly m e r iz a t io n  because  of  t h e  a n t i c i p a t e d  s t a b i l i z a t i o n  of  t h e  growing 
carbonium ion by t h e  s u b s t i t u e n t s .
3. C a t i o n i c  p o l y m e r i z a t i o n :  The c a t i o n i c  p o l y m e r iz a t i o n  of
d im e thoxys ty renes  has  been e x t e n s i v e l y  s t u d i e d  by M a re c ha l . 145 He 
r e p o r t e d  t h a t  m odera te ly  high m o le c u la r  weight  polymers could  be 
ob ta in e d  from_29_in t h e  p r e s e n c e  of Lewis a c i d s  such as  boron 
t r i f l u o r i d e  e t h e r a t e ,  t i t a n i u m  t e t r a c h l o r i d e ,  s t a n n i c  c h l o r i d e ,  and 
aluminum c h l o r i d e .  T r i c h l o r o a c e t i c  ac id  could be used as an i n i f e r  
( c o i n i t i a t o r ) .  We obse rved  t h a t  t r e a t m e n t s  of s o l u t i o n s  of  monomers 
2 8 , 31, and in d ich lo rom e tha ne  with anhydrous s t a n n i c  c h l o r i d e  a t  
room tem p e ra tu re  produced an i n t e n s e  p u r p l e  c o l o r  accompanied by an 
exotherm.  Low m o le c u la r  weight  poly 28,  po ly  _3^, and poly 32 were 
i s o l a t e d  in  76,  94 ,  and 18% y i e l d ,  r e s p e c t i v e l y ,  w i th in  20 minutes  
(Table  11) .  A thorough washing of t h e  i s o l a t e d  polymers could not  
d i s c h a r g e  t h e  s l i g h t  pink c o l o r  of  t h e  r e s i n  due t o  t h e  p r e s e n c e  of 
t i n  s a l t s .  When t h e  t e m p e r a t u r e  was lowered t o  -50 °C, m odera te ly  
high m olecu la r  weight  po ly  29^was o b ta in e d  in  46% y i e l d ,  a 
c o r r e spond ing  i n c r e a s e  in m o le c u la r  we igh ts  was not  observed wi th  
monomers 28 ,  jll_, and 32 . These r e s u l t s  a re  more c o n s i s t e n t  wi th  t h o s e  
r e c e n t l y  r e p o r t e d  on t h e  p o l y m e r i z a t i o n  of 3 -methoxy-4-  
b e n z y l o x y s t y r e n e w h e r e  i n t r a m o l e c u l a r  t e r m i n a t i o n  by c y c l i z a t i o n  
l i m i t s  t h e  m ole cu la r  we igh ts  a c h i e v e d .  An e x t e n s i v e  s tudy  on c a t i o n i c  
po ly m e r iz a t io n  of  o r t h o - and p a r a - m ethoxys ty rene  w i th  boron t r i f l u o r i d e  
e t h e r a t e  was r e p o r t e d  by Imanishi  e t  a l . * ^  E f f e c t s  of  s o l v e n t s ,
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e l e c t r o s t a t i c  and s t e r i c  e f f e c t  of t h e  s u b s t i t u e n t  on t h e  monomer 
t r a n s f e r  r e a c t i o n  were i n v e s t i g a t e d .  The low m o le c u la r  we igh ts  in  
c a t i o n i c  p o ly m e r iz a t io n  of  t h e  a l k o x y s t y r e n e s  in  genera l  a re  due 
main ly t o  t h e  fo rm a t ion  of  t h e  s u b s t i t u t e d  pheny l indane  m o ie ty ,  J33, as 
end group.
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Attempts  t o  po lymer ize  monomer 3 0 _ c a t i o n i c a l l y  f a i l e d ;  a red 
complex formed but  no polymer could be i s o l a t e d .  Extending t h e  
p o l y m e r iz a t io n  t im e ,  lowering  th e  t e m p e r a t u r e ,  and using 
t r i c h l o r o a c e t i c  a c id  as an i n i f e r  f a i l e d  t o  induce  p o l y m e r i z a t i o n .  A 
complex between monomer 30_ and s t a n n i c  c h l o r i d e  cou ld  be formed.  Th is  
would i n i t i a t e  t h e  p o l y m e r i z a t i o n  of  s t y r e n e  and monomer _28. S t a b l e  
complexes of  t h i s  t y p e  have been r e p o r t e d ; * ^  3 , 4 , 5 - t r i m e t h o x y s t y r e n e  
cou ld  not  be po lymerized  in  t h e  p re se nc e  of  T iC l4 due t o  Lewis a c i d -  
Lewis base complex f o r m a t i o n .  Low r e a c t i v i t y  of  ^ -m e th o x y p r o p e n y l -  
benzene and ^ - m e th o x y s ty re n e  toward c a t i o n i c  p o l y m e r i z a t i o n  in  t h e  
p re se nc e  of  t i t a n i u m  c h l o r i d e  was r e p o r t e d  by L e s t e r  e t  a l . , ^ ®  and 
a t t r i b u t e d  t o  a s t e r i c  i n t e r a c t i o n  between t h e  carbonium ion and t h e  
o^methoxyl group.  However, we found t h a t  _o-methoxystyrene polymerized  
in  t h e  p resence  of s t a n n i c  c h l o r i d e  w i th o u t  any major  c o m p l i c a t i o n .
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Figure 2: 100 MHz 1H HMR sp ec tra  o f  p a r t ia l ly  deblocked  
p o ly (3 ,4 -d im e th o x y sty r e n e ): A, s o lv e n t  DMSO-dg
/CDClj ; B, s o lv e n t  CD^OD.
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4.  Anionic  p o l y m e r i z a t i o n :  A survey of  t h e  a n io n i c
p o l y m e r i z a b i l i t y  of t h e  monomers was conduc ted in  anhydrous benzene a t
room t e m p e ra tu re  u s ing  b u t y l l i t h i u m  as t h e  i n i t i a t o r .  The c o l o r  of
t h e  s o l u t i o n  f i r s t  changed t o  y e l lo w  and then  b r i g h t  red wi th  t h e
p r o g re s s  of t h e  p o l y m e r i z a t i o n  accompanied with an exotherm;  t h e  red
c o l o r  i s  an i n d i c a t i o n  of  t h e  p r e s e n c e  of  monomer a n io n .  This  c o l o r
p e r s i s t e d  f o r  long p e r i o d s  of t im e  and d i s a p p e a re d  on quenching  with
methanol and t h e  m ix tu re  became v i s c o u s .  In g e n e r a l ,  low c o n v e r s io n s
t o  low m olecu la r  weight  polymers  were obse rved  s u g g e s t i n g  h igh  vacuum
t e c h n i q u e s  w i l l  be r e q u i r e d  t o  o b t a i n  use fu l  po lymers .  Attempts  t o
po lymer ize  t h e  monomers 28^, J30, and ^ 1_ a n i o n i c a l l y  a t  t e m p e r a t u r e  as
low as  -50 °C produced polymers only in  very low c o n v e r s i o n s .  No
14Qev ide nc e  f o r  r i n g  m e t a l a t i o n  o r  c l e a v a g e 1 J of t h e  b lock ing  groups was 
d e t e c t e d  wi th  monomers 28 , J31, and 32. However, c leavage  of  one
of  t h e  methoxy groups o c c u r r e d  d u r in g  t h e  a n io n i c  p o l y m e r iz a t io n  of  
3 , 4 - d im e th o x y s ty r e n e ,  29.  A polymer s o l u b l e  in  methanol and 
d i m e t h y l s u l f o x i d e  was o b t a i n e d .  Pro ton  NMR in  DMSO-dg-CDCl3 ( F i g .  2a) 
r e v e a le d  t h e  remaining methoxy s u b s t i t u e n t  a t  3 . 5 - 3 . 8 6  and a sha rp  
peak a t  86 a s s ig n e d  t o  a hydroxyl  group.  The l a t t e r  peak d i s a p p e a re d  
when CD3OD was used as s o l v e n t  due t o  deute r ium-hydrogen  exchange 
( F i g .  2 b ) .  The FT-IR spectrum e x h i b i t e d  a broad s t r e t c h  a t  3450- 
3430 cm"* and t h e  a b s o r p t i o n  bands of t h e  methoxy group a t  1050- 
1260 cm"*. Attempts  t o  po lymer ize  29_in t h e  p resence  of  sodium 
n a p h t h a l i d e  a f f o r d e d  a polymer wi th  t h e  same p r o p e r t i e s .  Sodium 
n a p h t h a l i d e  used in  t h e  l a t t e r  a t t e m p t  was ob ta in e d  by s t i r r i n g  sodium 
metal and subl imed naph tha lene  in  anhydrous THF a t  room t e m p e r a t u r e  
f o r  2 h o u r s .
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S e l e c t i v e  methoxy c le a v a g e  by an an ion r a d i c a l  d e r i v e d  from t h e
jaj-Methoxy s t y r e n e  was s y n t h e s i z e d  t o  check i f  p o ly (£ - h y d r o x y s t y r e n e )  
was formed when t h e  monomer was s u b je c t e d  t o  t h e  same a n i o n i c  
p o l y m e r i z a t i o n  c o n d i t i o n s  used with 3 , 4 - d im e th o x y s ty r e n e ;  however ,  
p o l y m e r i z a t i o n  under  t h e  above c o n d i t i o n s  gave pure 
po ly  ( ^ - m e t h o x y s ty r e n e ) .  T h e r e f o r e ,  a s i n g l e  p a r a - methoxy s u b s t i t u e n t  
d id  not  promote t h e  e l e c t r o n  t r a n s f e r  c l e a v a g e .
I I .  Copo lym er iza t ion  Reac t ion  of Monomers 30 and _31j 
C opo lym er iza t ions  of  30_ and JJ1_ wi th  t h e  comonomers s t y r e n e  and methyl 
m e t h a c r y l a t e  were c a r r i e d  ou t  t o  a s c e r t a i n  t h e i r  p o l y m e r i z a b i l i t i e s .  
These can be a s c e r t a i n e d  by t h e  va lues  of  t h e i r  r e a c t i v i t y  r a t i o s ,  r j  
and r 2 » c a l c u l a t e d  from t h e  c o p o ly m e r i z a t io n  feed  r a t i o s  and th e  
c o r r e s p o n d in g  copolymer c o m p o s i t i o n .  In a d d i t i o n ,  t h e  
p o l y m e r i z a b i l i t y  of  a monomer can be c o r r e l a t e d  t o  t h e  Q-e scheme 
in t r o d u c e d  by A l f rey  and P r ic e  in  1 9 4 7 . The va lue  of  Q p r e d i c t s  
t h e  resonance  s t a b i l i z a t i o n  of a monomer and t h e  monomer r a d i c a l  and 
t h a t  of e d e f i n e s  t h e  p o l a r i t y  of  t h e  monomer and of  i t s  r a d i c a l .  
Values of  Q and e have been a s s ig n e d  t o  t h e  monomers based on t h e i r  r  
va lu es  and t h e  a r b i t r a r i l y  chosen r e f e r e n c e  va lue s  of Q = 1 and e = 
- 0 .8 0  f o r  s t y r e n e .  Values f o r  methyl m e t h a c r y l a t e  of  Q = 0 .74  and e =
0.40 were used in  our  s tu d y .
r e a c t i o n  of  p y r i d i n e  and a l k a l i  m e ta l s  has been r e p o r t e d  ( e q .  4 4 ) . * ^
+
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Mayo-Lewis152 and A1 f r e y - G o l d f i n g e r 153 in d e p e n d e n t ly  d e s c r i b e d  a 
method of  c a l c u l a t i o n  of  and r 2 . Equa t io n  32 r e l a t e s  t h e  copolymer 
compos i t ion  t o  t h e  r e a c t i v i t y  r a t i o s ,  in  which [Mj]/[M2 ] i s  t h e  
monomer r a t i o  in  t h e  f e e d ,  A s im p le r  method in v o lv e s  c a r r y i n g  out  t h e  
co p o ly m e r i z a t io n  t o  low c o n v e r s io n s  ( <10% ) and u s ing  t h e  approx imate  
form of  t h e  e q u a t io n  32, where d[Mj]/d[M2] i s  equal t o  mj/mj, which i s  
t h e  mole f r a c t i o n  of t h e  monomers in  t h e  copolymer.
d [ M t ] [Ml] ( r t [M 1] / [ M a ] +  l )  /  m ,  '
H W  t e ] ( r 2  +  W / K J )  '  " W
In t h i s  s t u d y ,  t h e  r a t i o s  [M1]/[M2] and mj/mj. were e s t i m a t e d  from 
t h e  feed and e lemen ta l  a n a l y s i s  o r  NMR r e s p e c t i v e l y .  Jf  t h e s e  
r a t i o s  a r e  r e p l a c e d  by F and f  as d e s c r i b e d  by Fineman and R o s s , * ^  
t h e  above eq u a t io n  can be rea r ra n g e d  t o :
F / f  ( f - 1 )  = r i ( F 2/ f )  -  r 2
A p l o t  of  F / f  ( f - 1 )  as  o r d i n a t e  and F2/ f  as  a b s c i s s a  i s  a s t r a i g h t  
l i n e  whose s lo p e  i s  r j  and i n t e r c e p t  i s  minus r 2 . The method of  
i n t e r s e c t i o n s  was a l s o  adopted in  t h i s  s t u d y .  In p r i n c i p l e ,  t h i s  
i n v o lv e s  t h e  p l o t t i n g  of r 2 ve rsus  r^  f o r  d i f f e r e n t  v a lu e s  of  
F / f  ( f - 1 )  and F2/ f ;  t h e o r e t i c a l l y ,  a l l  t h e  s t r a i g h t  l i n e s  must 
i n t e r s e c t  and t h e  c o o r d i n a t e s  of  t h e  p o i n t  of  i n t e r s e c t i o n  a re  r j  and 
r 2 . P r a c t i c a l l y ,  t h e s e  l i n e s  do not  i n t e r s e c t ,  t h u s  t h e  b a r y c e n t e r  of  
t h e  t r i a n g l e  formed between a t  l e a s t  t h r e e  l i n e s  i s  c o n s id e red  as  t h e
p o i n t  of  c h o ic e ;  and r 2 a r e  t h e  c o o r d i n a t e s  of  t h e  b a r y c e n t e r  in 
t h i s  c a s e .  As r e g a r d s  t o  Q-e scheme, t h e i r  va lues  can be c a l c u l a t e d  
from r j  and r 2 va lu e s  employing t h e  f o l l o w in g  r e l a t i o n s h i p s :
6 2 = 6 ^  ( - I n  r ^ ) 1/ 2
Q2 = y i / r 1e x p [ - e 1 ( e 1- e 2 )]
a .  C opo lym er iza t ion  of 2 ,3 - d im e th o x y s ty r e n e :  The r e a c t i v i t y
r a t i o s  of  2 ,3 - d im e th o x y s ty r e n e  (Mj) and s t y r e n e  (M2) were e s t i m a t e d  
u s ing  t h e  method of  i n t e r s e c t i o n s .  The c o p o ly m e r i z a t io n  r e a c t i o n s  
were c a r r i e d  out  in  bulk in  t h e  p re se nc e  of  AIBN. Convers ions  lower 
t h a n  10% were a c h i e v e d .  The p a ram ete rs  of t h e  c o p o ly m e r i z a t io n  a re  
summarized in Tables  12 and 13. From f i g u r e  3, r j  and r 2 were
e v a lu a t e d  t o  be 0 .69 and 0 .9 2 ,  r e s p e c t i v e l y ,  and t h e  p roduct  r j r 2 , a
measure of  t h e  a l t e r n a t i n g  tendency  i n . c o p o l y m e r i z a t i o n ,  was found to  
be 0 .64  (Table  16 ) .  The Qj and e^ v a lues  of  monomer were c a l c u l a t e d
t o  be 1.89 and - 1 . 4 8 .
On t h e  o t h e r  hand,  t h e  r e a c t i v i t y  r a t i o s  of  monomer _30 (Mj) and 
methyl m e t h a c r y l a t e  (M2 ) were e v a lu a t e d  from t h e  method of  
i n t e r s e c t i o n s  ( F ig .  4) and t h e  Fineman-Ross method (Fi i j .  5 ) .  Both 
methods gave r e l i a b l e  and p r e c i s e  v a l u e s .  The mean va lues  of r^ and 
r 2 were found t o  be 0.92  and 0 .2 3 ,  r e s p e c t i v e l y ;  Qj and e j  were 
e s t i m a t e d  as  1.91 and - 0 . 8 3 .
S ince  t h e  r e a c t i v i t y  r a t i o s  were a l l  found t o  be l e s s  than  u n i ty  
(Table  16 ) ,  a l l  r a d i c a l s  show a tendency  t o  a l t e r n a t e  ( h i r 2<l ) ,
i . e . , a d d  t o  t h e  o t h e r  monomer. The a l t e r n a t i o n  tendency i s  s t r o n g e s t
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r, s 0.690 
r2 = 0.914
Figure 3: Method of intersection plot for 2,3-dimethoxy-
Btyrene (M1) - styrene (M2) copolymerization.
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r, = 0 .966  
fo = 0.215
Figure 4: Method of intersection plot for 2,3-dimethoxy
styrene (M1) -methyl methacrylate (m 2) copoly
merization.
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Figure 5: Fineman-Ross p lo t  fo r  2 ,3 -d im eth oxystyren e  (M^) 
-  m ethyl m eth acrylate  (M2 ) cop o lym eriza tion .
Table 17« Copolymerization Parameters of Some
S u b stitu ted  Styrene Monomers
Comonomers 1<2 rl r2 Q1 ei R eference
2 13-d im eth oxystyren eistyren e 0 .69 0 .92 1 .8 9 -1 .4 8 P resent work
iMMA 0 .92 0 .23 1.91 -0 .8 4 P resent work
2 , 5-dime thoxys ty re n e is ty re n e 1 .1 3 0 .77 1 .76 -1 .1 7 155
iMMA 0.72 0 .25 1 .7 6 -0 .9 1 ft
2 ,6 -d im eth oxystyren eistyren e 0 .5 5 0 .98 1.91 -1 .5 9 156
iMMA 0 .7 4 0 .1 4 2 .6 -1 .1 0 •f
3 14-d im eth oxystyren e iMMA 0 .15 0 .3 5 0 .92 - 1 .2 0 89
3 ,4 -m eth y len ed io x y sty ren e isty ren e 1 .0 2 o .6 o 2 .9 - 1 .5 0 81
iMMA 1 .1 0 0 .45 - - H
t# | ” 0 .4 5 0 .40 1 .1 0 - 0.91 89
6 -v in y l- l,4 -b e n z o d io x a n e is ty r e n e 1 .0 9 0.91 1 e 34 - 1 .0 0 P resent work
iMMA 0 .4 5 1 .0 5 0 .5 0 - 0 .47 P resent work
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Figure 6: P lo t  o f  the mole f r a c t io n  o f  2 ,3 -d im eth oxy -  
styren e  (M^) in  the feed  versu s the mole 
f r a c t io n  in  the copolymer: • ,  sty ren e  (M2 );
+ , m ethyl m eth acrylate  (M2 ) .
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w i th  methyl m e t h a c r y l a t e  r a d i c a l ,  a p p a r e n t l y  due t o  t h e  l a r g e  
d i f f e r e n c e  in  i t s  e l e c t r o n  a f f i n i t y  compared with t h a t  of  2 ,3-The 
a l t e r n a t i o n  tendency i s  much l e s s  pronounced in t h e  s t y r e n e  sys tem.
A comparison of  Q and e va lues  of  some metho*y s u b s t i t u t e d  
s t y r e n e  monomers i s  i l l u s t r a t e d  in  Table  17. The va lue  of  Qj in  t h e  
s t y r e n e  system i s  s i m i l a r  t o  t h a t  of 2 , 5 - d im e th o x y s ty r e n e  (Q = 1.76)  
and t o  t h a t  of 2 ,6 -d im e th o x y s ty r e n e  (Q = 1 . 9 1 ) .  The l a r g e  v a lue  of 
(1 .89 )  i n d i c a t e s  t h a t  t h e  v iny l  group of  t h i s  monomer i s  c o n s i d e r a b l y  
s t a b i l i z e d  by re s o n a n c e .  This  i s  s u p po r te d  f u r t h e r  by t h e  l a r g e  va lue  
of Q1 (1 .91 )  in  t h e  methyl m e t h a c r y l a t e  sys tem. I t  i n d i c a t e s  a l s o  
t h a t  t h e  vinyl  group i s  a b le  t o  remain c o p la n a r  with t h e  phenyl 
r i n g .  The e^ va lues  in  both systems a re  more n e g a t i v e  than  t h a t  of 
s t y r e n e  ( - 0 . 8 0 ) .  The l a r g e  n e g a t i v e  v a lue  in  t h e  s t y r e n e  system 
i n d i c a t e s  t h a t  t h e  vinyl  group of t h i s  monomer i s  more e l e c t r o n  r i c h  
due t o  t h e  p resence  of  t h e  e l e c t r o n  d o na t ing  methoxy s u b s t i t u e n t s  in 
p o s i t i o n s  o r th o  and meta t o  t h e  vinyl  group.  F ig u re  6 p l o t s  t h e  mole 
f r a c t i o n  of  t h e  monomer in  t h e  feed  v e r s u s  t h e  mole f r a c t i o n  in  t h e  
copolymer.
b .  Copo lym er iza t ion  of 6 - v i n y l - l , 4 - b e n z o d i o x a n e : The
c o p o ly m e r i z a t io n  of monomer _3^ with s t y r e n e  and wi th  methyl 
m e t h a c r y l a t e  proceeded s i m i l a r l y  t o  t h a t  o f  monomer 30. The r e s u l t s  
a r e  compiled in  Tables  14 and 15. The r e a c t i v i t y  r a t i o s  were 
de te rmined  from t h e  method of i n t e r s e c t i o n s  and t h e  method of  Fineman 
and Ross (F ig .  7 , 8 , 9 , 1 0 ) .  T h e i r  mean va lu es  were found t o  be r ^  =
1.09 and = 0.96 in  t h e  s t y r e n e  sys tem . The va lue  of  r ^  ( 1 .0 4 )  i s  
c l o s e r  t o  u n i ty  which i n d i c a t e s  t h a t  t h e  c o p o ly m e r i z a t io n  proceeded 
i d e a l l y  o r  randomly;  t h e  two p ro p ag a t in g  s p e c i e s  show no p r e f e r e n c e
8 6
r, = 1.05 
r9 = 0.98
F igure 7: Method o f  in t e r s e c t io n  p lo t  fo r  6 - v in y l - 1 ,4 -  
benzodioxane (M1) -s ty r e n e  (M2 ) copolym eriza­
t io n .
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Figure 8: Fineman-Ross plot for 6-vinyl-1,4-benzodioxane
(M^) - styrene (M2) copolymerization.
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4 -
r, = 0.5
r9 = i.oo
Figure 9: Method o f  in t e r s e c t io n ’ p lo t  f o r  6 - v i n y l - l , 4 -  
benzodioxane (m.j ) -  m ethyl m eth acry la te  (M2 ) 
co p o ly m eriza tio n .
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r,= 0.4
F igure 10 j Fineman-Rosa p lo t  fo r  6 - v in y l - 1 , 4-benzodioxane  
(M.j) -m ethyl m eth acrylate  (M2 ) co p o ly m eriza tio n .
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f o r  adding one or  t h e  o t h e r  of  t h e  two monomers. In t h e  methyl 
m e t h a c r y l a t e  sys tem,  t h e  r ^ r 2 va lue  was found equal  t o  0 .47 which 
p r e d i c t s  t h e  tendency of  t h e  c o p o ly m e r i z a t io n  t o  a l t e r n a t e .  From th e  
t a b l e  of  comparison (Table  17) ,  monomers ^1_ and 28_ show a lmos t  t h e  
same r e a c t i v i t y .  However, t h e i r  Q and e v a lu e s  d i f f e r  somewhat. The 
v a lue  of  Qj of monomer _31^  in  t h e  s t y r e n e  system r e f l e c t s  a l s o  a high 
degree  of  s t a b i l i z a t i o n  of  monomer by r e s o n a n c e .  On t h e  o t h e r  hand,  
t h e  e^ va lue  ( - 1. 00) was found more n e g a t i v e  t h a n  t h a t  of  s t y r e n e  
( - 0 . 8 0 )  s u g g e s t in g  t h a t  benzodioxane f u n c t i o n a l i t y  i n c r e a s e s  t h e  
e l e c t r o n e g a t i v i t y  of  t h e  vinyl  group.  In t h e  c o p o ly m e r i z a t i o n  wi th  
methyl m e t h a c r y l a t e ,  both s t a b i l i z a t i o n  and e l e c t r o n e g a t i v i t y  of  t h e  
viny l  group were somewhat reduced based on t h e  small  v a lu e s  of  Qj and 
e j  (0 .4 5  and - 0 . 4 7 ) .  This  was a l s o  observed  in  t h e  c a se  of  3 , 4 -  
methyl e n e d io x y s t y re n e  as  shown in Table  17. The mole f r a c t i o n  of  
monomer 31_in t h e  f eed  i s  p l o t t e d  a g a i n s t  t h e  mole f r a c t i o n  in  t h e  
copolymer in  f i g u r e  11.
I I I .  G r a f t  Copolymer on Po ly (v iny l  c a t e c h o l ) P r e c u r s o r s : G ra f t
copolymers a r e  o r d i n a r l y  p repa red  u s ing  t h e  phenomenon of  c ha in  
t r a n s f e r  with polymer m olecu le s  in  f r e e  r a d i c a l  p o l y m e r i z a t i o n .  
However, Overberger*5^ observed  t h a t  v a r i o u s  a ro m a t i c  hydrocarbons  a c t  
as  m o lecu la r  t e r m i n a t i n g  agen ts  i n  t h e  i o n i c  p o l y m e r i z a t i o n  of  
s t y r e n e .  A novel means of making g r a f t  copolymers  i n v o lv e s  an i o n i c  
cha in  t r a n s f e r .  Ikeda e t  a l . ^  r e p o r t e d  t h e  g r a f t  c o p o ly m e r i z a t io n  
of  1 ,3 - d io x o l a n e  onto p o l y ( £ - m e t h o x y s ty r e n e ) .  In t h i s  s t u d y ,  c a t i o n i c  
r i n g  opening p o l y m e r i z a t i o n  of  1 ,3 - d io x o l a n e  was e f f e c t e d  by a c e t y l  
s a l t s  (AcX; X= SbFg", BF4“ , CIO4")  in  t h e  p r e s e n c e  of  
p o l y ( £ - m e t h o x y s t y r e n e ) ; homopolymer and g r a f t  copolymer were
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F igure 11: P lo t  o f  the mole f r a c t io n  o f  6 - v in y l - 1 ,4 -  
benzodioxane (M^) in  the feed  versu s the  
mole f r a c t io n  in  the copolym er: + , styren e  
(M2 ); o , m ethyl m eth acry la te  (M2 ) .
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o b t a i n e d .  As t o  t h e  f o rm a t ion  of t h e  g r a f t  copolym er,  i t  i s  b e l i e v e d  
t h a t  t h e  p ro p a g a t in g  carboxonium ion of  1 , 3 - d io x o l a n e  a t t a c k s  t h e  
a ro m a t i c  r i n g s  of  poly( j>j-methoxystyrene) .  However, t h e  e x t r a c t i o n  of  
homopolymer of 1 ,3 - d io x o l a n e  wi th  methanol i s  q u e s t i o n a b l e  because  
t h i s  homopolymer i s  i n s o l u b l e  in  m ethano l .  Hence, c a t i o n i c  
p o l y m e r i z a t i o n  of  s t y r e n e  in  t h e  p re se nc e  of  p o l y ( v i n y l c a t e c h o l ) 
p r e c u r s o r s  s y n th e s i z e d  as  d e s c r i b e d  above ,  was i n v e s t i g a t e d .  Our main 
i n t e r e s t  in  c a r r y i n g  out  t h i s  experiment  was t o  de m ons t ra te  t h e  
p o t e n t i a l  r e a c t i v i t y  of  po lymer ic  c a t e c h o l s  having e l e c t r o n  d o na t ing  
s u b s t i t u e n t s .  S t a n n ic  c h l o r i d e  i n i t i a t e d  p o ly m e r iz a t io n  of s t y r e n e  in  
t h e  p resence  of  p o l y ( 2 ,3 - d im e th o x y s t y r e n e )  a f f o r d i n g  a homopolymer and 
t h e  g r a f t  copolymer which were e a s i l y  s e p a r a t e d .  The homopolymer was 
p r e c i p i t a t e d  by pour ing th e  r e a c t i o n  s u p e r n a t a n t  i n t o  m ethano l ,  
i s o l a t e d  in  35% y i e l d ,  and was c h a r a c t e r i z e d  by *H NMR as mainly 
p o l y s t y r e n e .  The i n s o l u b l e  red r e s i n ,  t h e  g r a f t  copolym er,  was 
tho ro u g h ly  washed t o  e l i m i n a t e  t h e  t i n  s a l t s  b e fo re  i t s  
c h a r a c t e r i z a t i o n .  The FT-IR spectrum ( F ig .  12) r e v e a le d  t h e  
a b s o r p t i o n  bands of  poly ^ w i t h  an e x t r a  band a t  698 cm-1 
a t t r i b u t a b l e  t o  p o l y s t y r e n e .  C a t i o n i c  p o l y m e r iz a t i o n s  in  t h e  p r e s e n s e  
of  po ly  28_ and of  poly _31^  were a l s o  conducted and r e s u l t e d  a l s o  in  
homopolymer p o l y s t y r e n e  and a g r a f t  copolymer;  in each c a s e ,  an 
a d d i t i o n a l  band in  t h e  IR appeared a t  680-700 cm“ *. These r e s u l t s  
s t r o n g l y  i n d i c a t e  t h a t  t h e  t r a n s f e r  r e a c t i o n  occur red  by a F r i e d e l -  
C r a f t s  a l k y l a t i o n  of t h e  phenyl r i n g .  A growing p o l y s t y r y l  carbonium 
ion has  a t endency t o  a t t a c k  t h e  a c t i v a t e d  a rom a t ic  groups of  t h e  
polymeric  c a te c ho l  p r e c u r s o r .  The genera l  r e a c t i o n  may be r e p r e s e n t e d  
as  fo l low s  (eq .  33):
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Figure 12: FT-IR spectrum o f  2 ,3 -d im eth oxystyren e-styren e  g r a ft  copolymer
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^CKU-CH ^
R , «n/CH<
These g r a f t  copo lymers ,  once s u b j e c t e d  t o  c l e a v a g e ,  may c o n ta i n  a 
l a r g e  number of c a te c h o l  u n i t s .  Thus,  t h e i r  o x i d i z e d  forms should  
e x h i b i t  h ig h e r  c a p a c i t i e s  and may be p r e f e r r e d  over  t h e  r e p o r t e d  
c r o s s l i n k e d  redox r e s i n s  such as  s t y r e n e - d i v i n y l b e n z e n e - 3 - v i n y l -5-t_- 
b u t y l - l , 2 - b e n z o q u i n o n e  t e r p o l y m e r  i n  polymer r e a g e n t  a p p l i c a t i o n s ;  t h e  
y i e l d s  of  t h e  o x i d a t io n  of  pr imary amines t o  ke to nes  wi th  t h e  o x id iz e d  
forms of  t h e s e  g r a f t e d  po lymer ic  c a t e c h o l s  would be enhanced owing t o  
t h e  high c o n c e n t r a t i o n  of  t h e  po lymer ic  r e a g e n t .
C. Thermal S t a b i l i t y  of P o l y ( v i n y l c a t e c h o l ) P r e c u r s o r s
The thermal  s t a b i l i t y  of  p o l y ( v i n y l c a t e c h o l ) p r e c u r s o r s  was 
examined by th e r m o g ra v im e t r i c  a n a l y s i s  (TGA) and d i f f e r e n t i a l  thermal  
a n a l y s i s  (DTA) t e c h n i q u e s .  The weight  changes of  polymers  were 
fo l lowed  under  n i t r o g e n  a t  a c o n s t a n t  h e a t i n g  r a t e  of  20 °C/min.  The 
weight  l o s s e s  a t  t h e  c o r r e s p o n d in g  decompos i t ion  t e m p e r a t u r e s  d e r iv e d  
from t h e  thermograms ( F ig .  13) a r e  summarized in  Table  18. From t h i s ,  
i t  can be no ted  t h a t  f o r  poly 28^and poly 30^a we igh t  l o s s  of  5% a r o s e  
in t h e  t e m p e ra tu re  range of  350-380 °C. For  poly 29_ and po ly  _31^  , 10% 
weight  l o s s  was d e t e c t e d  a t  t e m p e ra t u re s  of  100 and 150 °C. A weight
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Figure 13: Thermal gravim etry a n a ly s is  (TGA) curves o f  the polym ers: 20 °c/m in; 
AlgO^ as a support; under Ng atm osphere.
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Table 13*
Poly 28 P oly  29
¥
W (£) T (°C) W (#) T (°C)
D 380 10 150
50 450 13 380
100 >800 80 450
100 >550
*
W = Weight lo s s
TGA R esu lts
Poly 30 
W (*) T (°C)
5 350
9^ ^30
loo 550
P oly 31 Poly 32
W (%) T (°C) W(£) T(°C)
10 100 30 230
20 390 38 0^0
90 450 100 450
100 550
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l o s s  of  50% of  poly J2_was obse rved  a t  t e m p e r a t u r e  of  380 °C. With 
t h e  e x c e p t io n  of  poly j?8, a l l  polymers d r a s t i c a l l y  decomposed over  a 
t e m p e ra tu re  range of  450-550 °C. Tota l  decompos i t ion  of  poly 28 
oc c u r r e d  a t  t e m p e r a t u r e  h i g h e r  t h a n  800 °C. In g e n e r a l ,  t h e  
thermograms show f o r  a l l  polymers  two s t e p s  of  d e g r a d a t i o n ,  s u g g e s t in g  
a change in  t h e  decompos i t ion  mechanism.  This  change in  d e g r a d a t i o n  
mechanism seems t o  be most pronounced f o r  po ly  j!8 .
R e s u l t s  of DTA a re  compiled in  Table  19 from t h e  cu rves  in f i g u r e  
14. The g l a s s  t r a n s i t i o n  t e m p e r a t u r e ,  which i s  t h e  t e m p e ra tu re  a t  
which th e  amorphous reg io n s  of  polymers t a k e  on t h e  c h a r a c t e r i s t i c  
p r o p e r t i e s  of a g l a s s  s t a t e ,  i . e . ,  b r i t t l e n e s s ,  s t i f f n e s s ,  and 
r i g i d i t y ,  can be d e r iv e d  from a DTA c u rv e .  I t  ranges between 100 °C 
f o r  poly 29  ^and 125 °C f o r  poly 31_; t h a t  of  p o l y s t y r e n e  i s  wel l known 
as 100 °C.
Table 19: DTA R esu lts
Polymer Tg ( ° C )  D ecom position tem p erature, ° c
p o ly  28 125
p o ly  29 100
p o ly  30 115
p o ly  31 125
p o ly  32 105
415; exotherm al 
400; endotherm al
375; endotherm al 
420; endotherm all 
395; endotherm al
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Figure 14? D if f e r e n t ia l  therm al a n a ly s is  (DTA) curves o f  th e  polym ers: 20 0
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In t h e  DTA curve  of poly 2&_, an endothermal  peak fo l low ed  by a sharp 
exothermal  peak was obse rved  between 380 and 415 °C. This  sha rp  
exothermal  peak may c o r r e spond  t o  t h e  pronounced change in  t h e  
decompos i t ion  mechanism as  r e v e a l e d  by t h e  c o r r e s p o n d in g  TGA c u r v e .  
However, t h e  DTA of  i t s  i s o m e r ,  poly 32 , e x h i b i t e d  a double  
endothermal  peak fo l low e d  by a small  exothermal  one between 380 and 
415 °C. For t h e  r e s t  of  t h e  po lymers ,  t h e  DTA curves  r e v e a le d  an 
endothermal  peak in  c o n j u n c t i o n  wi th  a n e g l i g i b l e  exothermal  peak .
From t h e s e  a n a l y s e s ,  i t  i s  c l e a r  t h a t  t h e  p o l y ( v i n y l c a t e c h o l ) 
p r e c u r s o r s  a r e  t h e r m a l l y  s t a b l e  r e s i n s  and decompose only in  t h e  
t e m p e r a t u r e  range  of  360-550 °C. A l s o ,  t h e  thermal  s t a b i l i t y  o r d e r  of  
t h e s e  polymers  can be c o n c l u s i v e l y  drawn as f o l l o w s :  Poly _31^> Poly 32 
> Poly ^ 8  > Poly _30^  > Poly 29^  ( t h e  s ig n  > means more s t a b l e ) .  I t  
a p p e a r s ,  t h e r e f o r e ,  t h a t  a c y c l i c  e t h e r  s u b s t i t u e n t  as  in  poly 28 , 
poly 31_, and poly 32 , enhances  t h e  thermal  s t a b i l i t y  b e t t e r  than  
methoxy g roups .
D. Chemical M o d i f i c a t i o n  of  P o l y ( v i n y l c a t e c h o l ) P r e c u r s o r s
F u n c t i o n a l i z e d  polymers have found va r io u s  a p p l i c a t i o n s  as  
s u p p o r t s  in s o l i d  phase s y n t h e s i s ,  r e a g e n t s ,  and p r o t e c t i n g  groups in  
o r g a n ic  s y n t h e s i s  as  reviewed in  s e c t i o n  A of  the  i n t r o d u c t i o n .  
However, t h e  f u n c t i o n a l i z a t i o n  r e a c t i o n s  a r e  u s u a l l y  more d i f f i c u l t  t o  
c o n t r o l  and t o  e v a l u a t e  owing t o  t h e  i n s o l u b i l i t y  of  the  r e s i n s ,  which 
makes t h e  r e a c t i o n  he te rogeneous  and o f t e n  p r e v e n t s  c h a r a c t e r i z a t i o n  
of  t h e  p ro d u c t s  by t h e  usual methods of a n a l y s i s .  C r o s s l i n k e d  
p o l y s t y r e n e  has been t h e  r e s i n  of ch o ic e  because  of  i t s  commercial 
a v a i b i l i t y  in v a r i o u s  fo rm s .  A number of  f u n c t i o n a l i z a t i o n  r e a c t i o n s
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such as c h l o r o m e t h y l a t i o n ,  h a l o g e n a t i o n ,  a c y l a t i o n ,  l i t h i a t i o n ,  
c h l o r o s u l f o n a t i o n ,  n i t r a t i o n ,  and a few o t h e r s  were c a r r i e d  out  on 
t h i s  r e s i n .  Chemical m o d i f i c a t i o n  of  such f u n c t i o n a l i z e d  r e s i n s  i s  
s u i t a b l e  t o  i n t r o d u c e  o t h e r  f u n c t i o n a l i t i e s .
Two reasons  led  us t o  e v a l u a t e  t h e  f u n c t i o n a l i z a t i o n  of t h e  
p o l y ( v i n y l c a t e c h o l )  p r e c u r s o r s  and t o  a s c e r t a i n  t h e  l i m i t a t i o n s  of  
t h e i r  chemical r e a c t i v i t i e s .  The f i r s t  i s  t h e i r  s u s c e p t i b i l i t y  toward 
e l e c t r o p h i l i c  s u b s t i t u t i o n  owing t o  t h e  p re se nc e  of  e l e c t r o n  d o n a t in g  
groups as b lock ing  g ro u p s .  H aas^ ®  observed  t h a t  when t h e  phenyl 
r i n g s  of p o l y s t y r e n e  have been s u b s t i t u t e d  in t h e  pa ra  p o s i t i o n  wi th  a 
methoxy group ,  t h e  r i n g  r e a c t i v i t y  i s  i n c r e a s e d  one hundred t i m e s .
This r e a c t i v i t y  of  t h e  a rom a t ic  r i n g  was confi rmed by t h e  s u c c e s s f u l  
g r a f t  c o p o ly m e r i z a t io n  r e a c t i o n  d i s c u s s e d  e a r l i e r .  The o t h e r  reason  
stemmed from t h e  ease  of t h e i r  c h a r a c t e r i z a t i o n  by p ro ton  and 
ca rbon -13  NMR s p e c t r o s c o p y .
I .  C h lo rom e thy la t ion  R e a c t io n :  Probably t h e  most v e r s a t i l e
r e a c t i o n  on p o l y s t y r e n e  r e s i n s  i s  c h l o r o m e t h y l a t i o n ,  because t h e
c h lo r o m e th y la t e d  r e s i n s  a r e  r e a d i l y  ch e m ica l ly  modif ied due t o  t h e
high r e a c t i v i t y  of t h e  chlorom ethy l  g roups .  We a n t i c i p a t e d  a t  t h e
beg inn ing  of  t h i s  r e s e a r c h  t h a t  p o l y ( 5 - v i n y l - 1 , 3 - b e n z o d i o x o l e )  could
be c h lo r o m e th y la t e d  with no major  c o m p l i c a t i o n .  However, t h i s
assumption  did not  hold t r u e .  Attempts  t o  c h lo r o m e t h y la t e  t h i s
polymer employing a v a r i e t y  of  c h lo r o m e t h y la t i n g  a gen ts  in  t h e
p rese nc e  of  s t a n n i c  c h l o r i d e  immediate ly  produced i n s o l u b l e  deep b lue
r e s i n s .  C h lo ro m e th y la t i n g  a g e n t s  used in  t h i s  s tudy  were 1 ,4 -
b i s ( c h lo r o m e th o x y )b u ta n e  p repa red  a c co rd ing  t o  t h e  p rocedu re  d e s c r i b e d  
1RQby 01a h AJ3 and t h e  commercial ly  a v a i l a b l e  ch loromethyl  methyl e t h e r
and chlorom ethy l  e th y l  e t h e r .  Ex tend ing t h e  r e a c t i o n  c o n d i t i o n s  by 
employing an excess  of c h lo r o m e t h y l a t i n g  a g e n t ,  r a i s i n g  t h e  
t e m p e r a t u r e ,  u s ing  d i f f e r e n t  ha logena ted  s o l v e n t s ,  and va ry ing  t h e  
r e a c t i o n  t ime  could  not  b r in g  t h e  r e a c t i o n  t o  a s u c c e s s .  Polymer was 
i s o l a t e d  unchanged when t h e  r e a c t i o n  t e m p e r a t u r e  was m ain ta ined  below 
0 °C, s u g g e s t i n g  t h a t  c h l o r o m e t h y l a t i o n  w i l l  t a k e  p l a c e  only a t  h ig h e r  
t e m p e r a t u r e s .  S i m i l a r  r e s u l t s  were o b t a in e d  when po ly  _29, poly 30 ,  
and poly 32^were s u b j e c t e d  to  c h l o r o m e t h y l a t i o n .  In a l l  c a s e s ,  t h e  
c h l o r o m e t h y la t i o n  undoubtedly  oc c u r r e d  under  t h e  r e a c t i o n  c o n d i t i o n s  
but  t h e  c r o s s l i n k i n g  took  p l a c e  r a p i d l y  as t h e  a c t i v e  a rom a t ic  r i n g  
a t t a c k s  t h e  ch lo romethy l  group in  a F r i e d e l - C r a f t s  a l k y l a t i o n  as 
i l l u s t r a t e d  in  e q u a t i o n  34. Not a l l  t h e  ch loromethyl  groups r e a c t e d  
because  e lem enta l  a n a l y s i s  of  t h e  p ro d u c t s  r ev e a le d  t h e  p re s e n c e  of 
c h l o r i n e .  For example,  t h e  c h l d r o m e t h y la t i o n  of  poly 30  ^ r e s u l t e d  in  
59% of u n rea c te d  ch lo romethy l  groups based on e le m en ta l  a n a l y s i s .
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A s t a b l e  polymer complex of  poly 28^wi th  s t a n n i c  c h l o r i d e  i s  
formed by r e a c t i n g  a polymer s o l u t i o n  wi th  t h i s  Lewis a c id  in  t h e  
absence  of  t h e  c h l o r o m e t h y l a t i n g  a g e n t .  C onse que n t ly ,  t h e  
c r o s s l i n k i n g  a l s o  w i l l  e n s u e .  Such complexat ion was a l s o  observed 
d u r in g  t h e  c h lo r o m e t h y la t i o n  o f  p o l y ( o x y - 2 , 6 - d i m e t h y l - l , 4 - p h e n y l - l , 4 -  
pheny lene)  and o c c u r r e d  between t h e  Lewis ac id  and t h e  oxygen of  t h e
phenoxy g r o u p . ^  With t h i s  polymer ,  t h e  c h l o r o m e t h y la t i o n  in  t h e  
p r e s e n c e  of  t i t a n i u m  t e t r a c h l o r i d e ,  z in c  c h l o r i d e ,  aluminum c h l o r i d e ,  
o r  a r s e n i c  c h l o r i d e  ended up wi th  t h e  fo rm a t io n  of  s t a b l e  polymer 
complexes and no s u b s t i t u t i o n  o c c u r r e d .
The c h lo r o m e t h y la t i o n  of  u n p r o t e c t e d  poly 30^with ch loromethyl  
e th y l  e t h e r  in  t h e  p r e s e n c e  of  s t a n n i c  c h l o r i d e  was c a r r i e d  out  in a 
he te rogeneous  sys tem . A p u rp le  c o l o r  of  t h e  m ix tu re  was observed  and 
was p e r s i s t e n t  t i l l  t h e  end of t h e  r e a c t i o n .  The e x t e n t  of  
s u b s t i t u t i o n  was found t o  be 19% ac co rd ing  to  e lem enta l  a n a l y s i s .
This  low s u b s t i t u t i o n  may be due t o  t h e  g r e a t  c a p a b i l i t y  of t h e  
c a te c h o l  moiety t o  c o o r d i n a t e  with s t a n n i c  c h l o r i d e .
The c h l o r o m e t h y la t i o n  of poly ^  was s u c c e s s f u l  when t h e  r e a c t i o n  
m ix tu re  was quenched wi th  methanol a f t e r  s t i r r i n g  f o r  l e s s  t h a n  5 
m in u t e s .  Within t h i s  t i m e ,  i n t e r m o l e c u l a r  a l k y l a t i o n  and t h e  
complexa t ion  seemed t o  be p r e v e n t e d .  This  r e s u l t  de m o n s t ra t e s  the  
high r a t e  of  the .  r e a c t i o n  on t h i s  po lymer.  The r e s u l t i n g  polymer was 
s o l u b l e  i n  o r g a n ic  media .  Proton NMR spect rum showed a broad peak a t  
4-56 a s s ig n e d  t o  chloromethy l  group o v e r l a p p in g  wi th  -0CH2CH20 - .  
Elemental  a n a l y s i s  i n d i c a t e d  73% s u b s t i t u t i o n .  The c h l o r o ­
m e t h y la t i o n  r e a c t i o n  of  t h e  r e s t  of  t h e  polymers was aga in  a t t e m p te d  
under  i d e n t i c a l  c o n d i t i o n s  and was a f a i l u r e  in  a l l  c a s e s .
I I .  Q u a t e r n i z a t io n  of C h lo rometh y la ted  Poly 31:
C h lo rometh y la ted  poly J l_ w a s  q u a t e r n i z e d  wi th  t r i e t h y l a m i n e  in  
m e tha no l .  About 47% of  t h e  a c t i v e  chlorom ethy l  f u n c t i o n s  could be 
q u a t e r n i z e d  a t  room t e m p e r a t u r e  w i t h in  3 d a y s .  A p p a r e n t ly ,  t h e  
polymer backbone did not  impose any s u b s t a n t i a l  s t e r i c  b a r r i e r  t o  t h e  
a t t a c k  by t r i e t h y l a m i n e .  Although t h e  i s o l a t i o n  of  t h e  q u a t e r n i z e d
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polymer p r e s e n t e d  some d i f f i c u l t y ,  i t  was r e a d i l y  s o l u b l e  in 
m ethano l .  Proton NMR in CD3OD showed c l e a r l y  a benzyl  amine l i n k a g e  a t  
4 .86  and e thy lamino  group a t  3 .2  and 1 .46  as  q u a r t e t  and t r i p l e t .  In 
a d d i t i o n ,  t h e  p re se nc e  of  n i t r o g e n  was confi rmed by e lem enta l  
a n a l y s i s .  A c r o s s l i n k e d  q u a t e r n i z e d  p o l y ^ l _ w o u l d  be conceived  as a 
c a t i o n  exchange r e s i n .
I I I .  S y n th e s i s  and C h lo rom e thy la t ion  of Model Compounds: With
th e  hope t o  unde rs t and  t h e  c h lo r o m e t h y la t i o n  r e a c t i o n ,  model compounds 
were p repa red  and s u b j e c t e d  t o  c h l o r o m e t h y la t i o n  under  s i m i l a r  
c o n d i t i o n s .  5 - M e th y l - 1 ,3 - b e n z o d io x o le  and 5 - e t h y l - 1 , 3 - b e n z o d i o x o l e  
were chosen as model compounds f o r  p o l y ( 5 - v i n y l - l , 3 - b e n z o d i o x o l e ) .
The Clemmensen r e d u c t io n  of  p ip e ro n a l  in  t h e  p re se nc e  of  amalgamated 
z in c  a f f o r d e d  t h e  former model compound in 32% y i e l d  a f t e r  r e f l u x i n g  
f o r  24 h o u r s .  Proton NMR re v e a le d  t h e  methyl group a t  2 .2  6 as a 
s i n g l e t  peak;  no a ldehyde  group could be d e t e c t e d .  5 - A c e t y l - l , 3 -  
be n z o d io x o le ,  a p r e c u r s o r  f o r  t h e  second model ,  was p repa red  by 
a c y l a t i o n  of  1 , 3 - b e n z o d io x o le  wi th  a c e t i c  a nhyd r ide  in  t h e  p resence  of  
t r i f l u o r o a c e t i c  a c i d .  The r e c r y s t a l l i z e d  p roduct  from e thano l  was 
c h a r a c t e r i z e d  by t h e  combina t ion of  p ro ton  NMR, IR ( ^C=0, 1640 cm- 1 ) ,  
and mass s p e c t r a .  The Clemmensen r e d u c t io n  of  t h i s  carbonyl  compound 
under  c o n d i t i o n s  s i m i l a r  t o  t h e  above gave 5 - e t h y l - 1 , 3 - b e n z o d i o x o l e  in  
44% y i e l d .  I t s  i d e n t i f i c a t i o n  was confirmed by t h e  usua l  a n a l y t i c a l  
t e c h n i q u e s .
The c h l o r o m e t h y la t i o n  of  5 - m e t h y l - 1 ,3 -b e n z o d io x o l e  was conducted 
in  ch lo roform  employing ch loromethyl  e th y l  e t h e r  in  t h e  p re se nc e  of  
s t a n n i c  c h l o r i d e ;  t h e  m ix tu re  was r e f l u x e d  f o r  3 hours  a t  65 °C. The 
product  was i s o l a t e d  as s t i c k y  m a t e r i a l  which could  be r e a d i l y
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d i s s o l v e d  in  h a lo g e n a te d  s o l v e n t s  and p r e c i p i t a t e d  by pour in g  t h e  
s o l u t i o n s  i n t o  m e tha no l .  Bes ides  t h e  peaks of  5 - m e t h y l - l , 3 -  
be n z o d io x o le ,  *H NMR spect rum e x h i b i t e d  an a d d i t i o n a l  peak a t  3 .8 6  
a t t r i b u t a b l e  t o  t h e  b e n z y l i c  l i n k a g e  ( Ar-CHg-Ar ) .  C h lo ro m e th y la t i o n  
r e a c t i o n  of  t h e  second model was c a r r i e d  out  under  t h e  same 
c o n d i t i o n s ;  t h e  i s o l a t e d  p roduc t  was s i m i l a r  t o  t h e  one above .  The 
peak a t  3 .86  i s  s t r o n g  i n d i c a t i o n  of b e n z y l i c  l i n k a g e  which conf i rms  
t h e  i n t e r m o l e c u l a r  a l k y l a t i o n  proposed in  e q u a t i o n  34.
IV. L i t h i a t i o n  R e a c t ion :  M e ta l a t i o n  of  p o l y s t y r e n e  r e s i n s  has
been a key f o r  t h e  i n t r o d u c t i o n  of u se fu l  f u n c t i o n a l  g roups .  F a i r l y  
r e c e n t l y ,  Kaneko e t  a l . 160 immobil ized  t r i s ( b i p y r i d y l ) ru thenium ( I I )  
complex [RuCbpyJg] onto a p o l y s t y r e n e  r e s i n  v i a  l i t h i a t i o n ;  t h i s  
p roduc t  showed rem arkab le  p h o t o c a t a l y t i c  r e a c t i v i t y .  Braun*6 * 
l i t h i a t e d  some s o l u b l e  h a loge na te d  p o l y s t y r e n e s  wi th  an exces s  of  
b u t y l l i t h i u m .  However, Chalk*6^ deve loped  a method t h a t  i n v o lv e s  t h e  
d i r e c t  l i t h i a t i o n  of  p o l y s t y r e n e  s o l u t i o n  wi th  a 1:1 complex of  
b u t y l l i t h i u m  and TMEDA a t  60 °C. Evans*®'* s t u d i e d  t h i s  r e a c t i o n  
f u r t h e r  and showed t h a t  both meta and pa ra  l i t h i a t i o n  o c c u r r e d  in  2 :1  
r a t i o .
L i t h i a t i o n  of  poly j?8 , poly and poly J l_  was conducted in 
benzene in  t h e  p re se nc e  of  n - b u t y l l i t h i u m  and TMEDA, and t h e  m ix tu re  
was brought  t o  r e f l u x  a t  65 °C f o r  8 h o u r s .  To t e s t  t h e  r e a c t i v i t y  of 
t h e  p o l y s t y r y l l i t h i u m  d e r i v a t i v e ,  t r i m e t h y l  c h i o r o s i l a n e  was added t o  
y i e l d  t r i m e t h y l s i l y l a t e d  polymer.  High degrees  of s u b s t i t u t i o n  on th e  
polymers  could not  be a c h i e v e d .  The use of  s e c - b u t y l l i t h i u m ,  a more 
b a s i c  r e a g e n t ,  d id  not  improve t h e  e x t e n t  of s u b s t i t u t i o n  as 
i l l u s t r a t e d  in  Table  20. The maximum s u b s t i t u t i o n  which could  be
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o b ta in e d  was only 58% f o r  poly ^ 0  u s in g  b u t y l l i t h i u m ;  lower d e g re e s  of
s u b s t i t u t s i o n  were observed  when s e c - b u t y 11i th ium  was employed.
Appearance o f  a s ha rp  peak near  TMS and downf ie ld  in  t h e  NMR
and 13C NMR s p e c t r a  i n d i c a t e s  t h e  p r e s e n c e  of  t h e  t r i m e t h y l s i l y l  
1 ^f u n c t i o n .  The C NMR spect rum of  t h e  s i l y l a t e d  poly 28 i s  p rov ided  
in f i g u r e  15. From t h i s  spe c t rum ,  i t  i s  c l e a r  t h a t  t h e  t r i m e t h y l s i l y l  
group in  t h e  polymer did not  a l t e r  t h e  chemical s h i f t s  of  t h e  ca rbons ;  
t h e r e f o r e ,  t h e  p o s i t i o n  o f  t h i s  group could  not  be deduced from t h i s  
spec t rum. S ince  t h e  chemical  s h i f t  o f  t h e  t r i m e t h y l s i l y l  group i s  
downf ield  from t h a t  of TMS, s u b s t i t u t i o n  on t h e  a rom a t ic  r i n g  i s  
i n d i c a t e d ;  t h u s  l i t h i a t i o n  o c c u r r e d  on t h e  a rom a t ic  r i n g .  Benzyl 
t r i m e t h y l  s i  l an e  abso rbs  n e a r  TMS but  u p f i e l d .  F u r the rm ore ,  t h e  
t y p i c a l  red c o l o r  of t h e  b e n z y l i c  an ion was not  o b s e rv e d ;  h ence ,  
m e t a l a t i o n  took p l a c e  e n t i r e l y  on t h e  benzene r in g  (eq .  3 5 ) .
r w C H o - C H ^
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V. Brominat ion R e a c t io n :  H a logena t ion  of  polymers has been
always d e s i r a b l e .  Bromine atoms i n t r o d u c e d  onto t h e  a rom a t ic  r i n g  of 
po ly (pheny lene  o x i d e s )  have e f f e c t s  on t h e  f l a m m a b i l i t y  and the  
thermal  p r o p e r t i e s  of  t h e  polymer.  However, t h e  s y n t h e s i s  of  
b romina ted  po ly (phe ny lene  ox ide )  was not  a d i r e c t  b romina t ion  of  t h e  
polymer,  but  i t  r a t h e r  i nvo lve d  a c o n d e n sa t io n  p o l y m e r i z a t i o n  of  
- dibromophenols  in  t h e  p re se nc e  of sodium hydrox id e ’. ^  D i r e c t
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Figure 15: 200 MHz 15C NMR spectrum of silylated poly(5-vinyl-1,3-benzodioxole)
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brom ina t ion  has been r e p o r t e d  by W hi te ;*5/*a a r y l  b rom ina t ion  i s  
ach ieved  s imply by exposure  of a polymer s o l u t i o n  t o  bromine.  On t h e  
o t h e r  hand,  He i tz  and Michels*®5 bromina ted  th e  i n s o l u b l e  p o l y s t y r e n e  
r e s i n  wi th  bromine in  t h e  p r e s e n c e  of  f e r r i c  c h l o r i d e  as  c a t a l y s t .
The r e a c t i o n  h a s ,  however ,  been r e p o r t e d  t o  g ive  u n r e p r o d u c ib l e  
r e s u l t s * 56 and o f t e n  y i e l d e d  a c o lo r e d  r e s i n .  A second method was 
d e s c r i b e d  by Camps e t  a l . * 5^ in  which t h e  r e s i n  r e a c t e d  with a 
s t o i c h i o m e t r i c  amount of  t h a l l i c  a c e t a t e  fo l low ed  by b r o m i n a t i o n .  The 
major  drawbacks of  t h i s  p rocedure  a r e  t h e  use of a l a r g e  q u a n t i t y  of 
t h e  c o s t l y  t h a l l i c  a c e t a t e  and t h e  need of  e x t e n s i v e  washing r e q u i r e d  
t o  remove t h e  t h a l l i u m  s a l t s  g e n e ra te d  by t h e  r e a c t i o n .  F r e c h e t * 55 
employed o t h e r  c a t a l y s t s  in  d i f f e r e n t  s o l v e n t s  such as  z in c  c h l o r i d e  
in  THF and s t a n n i c  c h l o r i d e  in CCl^. He found t h a t  b rom ina t ion  of 
p o l y s t y r e n e  irt a c e t i c  a c id  in c o n ju n c t io n  with a c a t a l y s t  a f f o r d e d  
good r e s u l t ;  t h e  m ix tu re  became g r a d u a l l y  homogeneous as t h e  polymer 
d i s s o l v e d .  He a l s o  observed t h a t  an e x t e n s i v e  c l e a v a g e  o f  t h e  polymer 
c h a in s  oc c u r r e d  as  ev idenced  by t h e  low v i s c o s i t y  measured .
The b rom ina t ion  of  p o l y ( v i n y l c a t e c h o l ) p r e c u r s o r s  was t h o ro u g h ly  
examined.  We found t h a t  b romina t ion  of  t h e s e  polymers  proceeded 
r a p i d l y  even in  t h e  absence  of a c a t a l y s t .  A l so ,  a high degree  of  
f u n c t i o n a l i z a t i o n  could be always achieved  and t h e  r e s u l t s  were q u i t e  
r e p r o d u c i b l e .  F u r th e rm o re ,  t h e  bromina ted  polymers were e a s i l y  
s o l u b l e ,  which f a c i l i t a t e d  t h e i r  c h a r a c t e r i z a t i o n .
Two approaches  were e v a l u a t e d :  a d i r e c t  b rom ina t ion  and a 
b rom ina t ion  v i a  l i t h i a t i o n  r e a c t i o n  ac co rd ing  t o  e q u a t i o n  36. The 
d i r e c t  b rom ina t ion  r e a c t i o n  (eq .  36a) i n v o lv e s  a dropwise  a d d i t i o n  of  
bromine s o l u t i o n  t o  t h e  polymer medium whi le  s t i r r i n g .  The brominated
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r e s i n s  were i s o l a t e d  w i thou t  c om p l ic a t io n  and most of  them were almos t  
c o l o r l e s s .  In g e n e r a l ,  h igh y i e l d s  t o  high s u b s t i t u t i o n s  were 
ach ieved  f o r  a l l  polymers  as  r e p o r t e d  in  Table  21.  Monobrominat ion
Bra
° /
^  1 ) P-BuLi
' v C H g - C H ^
2) Br2
•q . 36
was d e t e c t e d  when a s t o i c h i o m e t r i c  q u a n t i t y  of  bromine was used .  
However, when excess  bromine was employed, po lyb rom ina t ion  may occur  
f o r  some polymers .  For i n s t a n c e ,  b rom ina t ion  of  poly _31^and po ly  32 
wi th  25 t o  50% excess  of bromine y i e l d e d  a m ix tu re  of  mono- and 
dibromo- polymers .  The use  of  d ioxane  t o  complex wi th  bromine cou ld  
not  c o n t r o l  t h e  monobrominat ion.  S i m i l a r  r e s u l t s  were o b t a i n e d  when 
monomeric c a te c ho l  r e a c t e d  wi th  a b romine-d ioxane  complex p repa re d  
according '  t o  t h e  method of  Yanovskaya e t  a l . 169 On t h e  o t h e r  hand,  
1 ,3 -b e n z o d i o x o le ,  a c a te c h o l  p r e c u r s o r ,  was r e a d i l y  bromina ted u s ing  a 
s t o i c h i o m e t r i c  amount of  bromine.  In t h i s  c a s e ,  one bromine atom pe r  
molecule  was d e t e c t e d  by *H NMR, and GC/MS. The bromine atom was 
a t t a c h e d  s e l e c t i v e l y  t o  t h e  a rom a t ic  r i n g  a t  p o s i t i o n  5 (meta t o  
methylenedioxy g ro u p ) .  This  s e l e c t i v i t y  may be due t o  e l e c t r o n i c  
f a c t o r s  and s t e r i c  r equ i rem en ts  of  t h e  complex formed between th e
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Figure 16: 200 MHz 15C NMR spectrum of poly(5-vinyl-1,3-benzodioxole).
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13Figure 17: 200 MHz C NMR spectrum of brominated poly(5-vinyl-1,3-benzodioxole),
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bromine molecu le  and t h e  oxygen of  t h e  methylenedioxy u n i t ,  and not  t o
Q1
t h o s e  c+' b rom ine-d ioxane  as  r e p o r t e d .  1
In t h e  second p roce du re  ( e q .  36b) ,  t h e  polymer was al lowed t o
r e a c t  wi th  bu ty l  l i t h i u m  in  t h e  p re s e n c e  of  TMEDA t o  produce t h e
l i t h i a t e d  r e s i n ,  fo l lowed  by a d d i t i o n  of  bromine s o l u t i o n .  In t h i s  
a pproach ,  not  only was t h e  i s o l a t i o n  of t h e  bromina ted  polymers  
d i f f i c u l t ,  but  a l s o  t h e  e x t e n t  of  f u n c t i o n a l i z a t i o n  was m in u te .  The 
same c o n t e n t  of bromine was found when t h e  b rom ina t ion  was a t t e m p te d  
in  t h e  p r e s e n c e  o f  TMEDA only (no b u t y l l i t h i u m ) .  In both c a s e s ,  a 
w a te r  s o l u b l e  r e s i d u e  was i s o l a t e d  as s i d e  p r o d u c t .  This  i s  b e l i e v e d  
t o  be e i t h e r  a s a l t  formed upon r e a c t i o n  of TMEDA wi th  t h e  hydrogen 
bromide by -p ro d u c t  of  a ry l  s u b s t i t u t i o n  or  a s t a b l e  complex between
TMEDA and bromine ;  t h e  former  i s  l i k e l y  t o  occur  due t o  i t s  s o l u b i l i t y
in w a te r  whereas t h e  l a t t e r  would be r a t h e r  s o l u b l e  in  o rg an ic  
media .  In e i t h e r  e v e n t ,  t h e  r e q u i r e d  amount of  bromine was reduced 
which a c coun t s  f o r  t h e  low degree  of b r o m i n a t i o n .  L i t h i a t i o n  in  t h e  
absence  of TMEDA fo l lowed  by b romina t ion  r e s u l t e d  in  a h igh ly  
f u n c t i o n a l i z e d  po lymer.  The w a te r  s o l u b l e  s i d e  p roduc t  p r e v i o u s l y  
o b t a i n e d  was not  d e t e c t e d .  In t h i s  l a s t  a t t e m p t ,  l i t h i a t i o n  p robab ly  
d id  not  occur  as  TMEDA i s  r e q u i r e d  f o r  t h e  m e t a l a t i o n  of  a rom a t ic  
r i n g ;  bromine a t t a c k s  t h e  r i n g  d i r e c t l y .  T h e r e f o r e ,  t h e  d i r e c t  
b rom ina t ion  remains t h e  more r e l i a b l e  and more c o n s i s t e n t  method.
The e l e c t r o n  withd rawing c h a r a c t e r  of t h e  bromine s u b s t i t u e n t  
could not  e f f e c t i v e l y  l i m i t  f u r t h e r  s u b s t i t u t i o n .  Hence,  bromine 
seemed t o  e x h i b i t  an e l e c t r o n  d o n a t in g  behav io r  once i n c o r p o r a t e d  on 
t h e  a rom a t ic  r i n g .  The low redox p o t e n t i a l  found f o r  t h e  mono- 
brominated u n p r o t e c t e d  poly _30^supports t h e  e l e c t r o n  d o na t ing  n a tu r e
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of  t h e  bromine;  t h e  bromine atom was a n t i c i p a t e d  t o  p reve n t  t h e  e a r l y  
o x i d a t i o n  of p o ly c a t e c h o l  by r a i s i n g  i t s  redox p o t e n t i a l .  However, 
t h e  o x i d a t i o n  p o t e n t i a l  of  t h e  bromina ted  c a te c h o l  was found lower 
than  t h a t  of  t h e  c a t e c h o l .
At t h i s  p o i n t ,  t h e  d e t e r m i n a t i o n  of t h e  p o s i t i o n  of  t h e  bromine 
atom on t h e  r i n g  was i m p e r a t i v e .  We found t h a t  ca rbon-13  NMR was a 
use fu l  a n a l y t i c a l  t e c h n iq u e  t o  ach ieve  t h i s  o b j e c t i v e .  The 
c o r r e spond ing  s p e c t r a  of  t h e  non-bromina ted  and t h e  bromina ted  
polymers  were taken  in CDCI3 wi th  or  w i thou t  TMS. The ass ignm en ts  of 
chemical s h i f t s  were deduced from t h e  combina t ion of t h e  s p e c t r a  of  
p o l y s t y r e n e  and low m o le c u la r  weight  c a te c ho l  p r e c u r s o r s  such as meta -  
s u b s t i t u t e d  1 ,3 -b en z o d io x o le  and 3 ,4 - d im e th o x y to lu e n e .  I t  i s  
i n t e r e s t i n g  t o  p o i n t  out  t h a t  a l l  polymer l i n e s  show some 
b road e n in g .  This  could be a s c r i b e d  t o  r e s t r i c t e d  r o t a t i o n  w i t h in  t h e  
polymer c h a in s  o r  t o  t h e  s i z e  of t h e  polymer molecule  which r e s t r i c t s  
m ic roscop ic  m o le c u la r  motion even when th e  polymer i s  d i s s o l v e d  in  a 
s o l v e n t .
In comparing t h e  s p e c t r a  of non-bromina ted  and bromina ted poly ^
(F ig .  16 and 17 ) ,  i t  can be deduced t h a t  t h e  chemical s h i f t s  of t h e  
ca rbons C9 and C4, which were e q u i v a l e n t  and absorbed  a t  121 ppm in 
poly 28,  were s h i f t e d  u p f i e l d  t o  113 and 115 ppm r e s p e c t i v e l y  in  t h e  
bromina ted  r e s i n ;  t h e  r e s t  of  t h e  carbons absorbed  a t  t h e  same 
chemical s h i f t s .  This  a l t e r a t i o n  in chemical s h i f t s  i s  due t o  t h e  
p resence  of t h e  bromine atom on t h e  r i n g .  T h e r e f o r e ,  bromine atom i s  
d i s t r i b u t e d  between C9 and C4 when t h e  r in g  i s  monobrominated.
S u r p r i s i n g l y ,  a bromine atom was not  found on C8 which i s  a meta 
p o s i t i o n  t o  t h e  methylened ioxy group as i s  C4. This  cou ld  be due t o  a
113
s t e r i c  e f f e c t  d i s p l a y e d  by t h e  methylenedioxy  group.  S ince  t h i s  
s t e r i c  f a c t o r  a p p a r e n t l y  m ani fes ted ,  i t s e l f  on C8 and not  on C4, t h e  
s p a t i a l  geometry of  t h e  methy lened ioxy  u n i t  in  t h e  polymer could  be 
t hen  deduced .  The i n f l u e n c e  of  bromine on t h e  carbon s p e c t r a  i s  
d i f f i c u l t  t o  p r e d i c t .  In p r i n c i p l e ,  t h e  e l e c t r o n e g a t i v i t y  of  t h e  
s u b s t i t u e n t  works t o  d e s h i e l d  a given  ca rb o n ,  t h u s  t h i s  s u b s t i t u t e d  
carbon  w i l l  absorb  d o w n f i e ld .  However, c a s e s  have been observed where 
t h e  e l e c t r o n e g a t i v i t y  e f f e c t  of t h e  bromine does not  impart  a 
s i g n i f i c a n t  d e s h i e l d i n g  i n f l u e n c e  and t h e  brominated ca rbons  absorbed 
u p f i e l d  s u g g e s t i n g  t h a t  t h e s e  carbons  a r e  s h i e l d e d .  This  s h i e l d i n g  
can be a t t r i b u t e d  t o  a heavy ha logen e f f e c t , 17® which i s  obse rved  in 
many a ro m a t i c  compounds such as monobrominated b i p h e n y l ,  bromina ted  
t o l u e n e ,  and o t h e r s .  In every  c a s e ,  t h e  change a t  t h e  s u b s t i t u t e d
carbon i s  on th e  o r d e r  of 5 t o  8 ppm u p f i e l d .
The b romina t ion  of  poly 29, p o l y ( 3 ,4 - d i m e t h o x y s t y r e n e ) , occu r red  
mainly on carbon  CIO as  ev id enced  by NMR ( F ig .  18 and 19 ) .  I t  i s  
ap p a re n t  t h a t  t h e  carbon CIO, which absorbed  a t  121 ppm in poly 29, 
now absorbs  u p f i e l d  a t  115 ppm. Although t h e  a b s o r p t io n  of C4 i s  not  
wel l r e s o l v e d ,  i t  absorbs  a t  t h e  same chemical s h i f t  as i n  t h e  non- 
bromina ted po ly  29^i n d i c a t i n g  t h a t  no bromine i s  a t t a c h e d  on t h i s
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c a rb o n .  S ince  t h i s  p o s i t i o n  was e a s i l y  bromina ted  in  poly 28 ,  t h e  
lack  of  s u b s t i t u t i o n  cou ld  be a s c r i b e d  t o  s t e r i c  h ind ra nc e  imposed by 
t h e  a d j a c e n t  methoxy group .  The s t e r i c  bulk of t h e  o t h e r  methoxy group
did  not  a l low  t h e  carbon C9 t o  be b rom ina ted .  The u p f i e l d  a b s o r p t i o n
of  CIO can be a t t r i b u t e d  t o  t h e  heavy halogen e f f e c t  observed  e a r l i e r .
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Figure 18: 200 MHz NMR spectrum o f  p o ly (3 t4 -d im eth o x y sty ren e).
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Figure 19: 200 MHz NMR spectrum o f  brominated p o ly (3»4 -d im eth oxystyren e).
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The presence  of  t h e  bromine in  p o l y ( 2 , 3 - d i m e t h o x y s t y r e n e ) , poly 
30, a f f e c t e d  t h e  a b s o r p t i o n  i n t e n s i t i e s  of t h e  backbone ca rbons  as 
noted in  t h e  s p e c t r a  ( F i g .  20 and 2 1 ) .  The r e s t r i c t i o n  of  t h e  motion 
of t h e  2-metho*y being  a d j a c e n t  t o  t h e  backbone of t h e  polymer i s  
ap p a re n t  by t h e  broad peak a t  61 ppm. From t h e  s p e c t r a ,  i t  appear s  
c l e a r l y  t h a t  carbons  C8 and C9 were b rom ina te d .  Both 
e l e c t r o n e g a t i v i t y  and heavy halogen e f f e c t s  were m an i f e s t ed  in  t h i s  
c a s e ;  t h e  carbon C8 absorbed  downfield due t o  t h e  former  f a c t o r  and 
th e  carbon C9 absorbed u p f i e l d  due t o  t h e  second f a c t o r .
As observed  wi th  po ly  ^ 0 ,  t h e  p resence  of  t h e  bromine a l s o  
a f f e c t e d  t h e  a b s o r p t i o n  peaks of  t h e  backbone of  poly 32_ ( F i g .  22 and 
23 ) .  A lso ,  t h e  same e f f e c t s  of t h e  bromine on t h e  a b s o r p t i o n s  of  t h e  
ca rbons of  t h e  r i n g  were n o t e d .  While t h e  carbon C7 absorbed  
dow nf ield  and t h e  peak i n t e n s i t y  was reduced s h a r p l y ,  t h e  carbon C8 
absorbed  u p f i e l d  wi th  t h e  same peak i n t e n s i t y .  The e l e c t r o n e g a t i v i t y  
and t h e  heavy halogen e f f e c t s  of  bromine were imposed on ca rbons  C7 
and C8, r e s p e c t i v e l y .
Although t h e  e lem enta l  a n a l y s i s  confi rms  a bromine c o n t e n t  
c o n s i s t e n t  wi th  m o n o s u b s t i t u t i o n  of  poly _31_, t h e  o r i e n t a t i o n  of  t h e  
bromine s u b s t i t u e n t  could not  be a s c e r t a i n e d  by nmr s p e c t r o s c o p y .  The 
p resence  of t h e  bromine atom seemed t o  have an impact  on t h e  
i n t e n s i t i e s  of  t h e  peaks of  a l l  ca rbons of  t h e  polymer;  t h e  peaks a re  
broad and s h o r t e r .  Although t h e  *3C NMR spectrum of  t h e  non-  
b romina ted  poly _31_ ( F i g .  29) can be r e s o l v e d ,  t h a t  of t h e  b romina ted 
polymer ( F ig .  30) posed some d i f f i c u l t y  in  a s s i g n i n g  t h e  bromina ted  
p o s i t i o n s .  The chemical s h i f t s  of  t h e  p o s s ib l y  bromina ted  carbons  C4,
C9, and CIO a re  not  a l t e r e d .  However, a s l i g h t  u p f i e l d  d i sp l a c e m e n t
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Figure 20: 200 MHz NMR spectrum of poly(2t3~dime‘thoxys‘tyrene).
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Figure 21: 200 MHz NMR spectrum of brominated poly(2,3“dimethoxystyrene).
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13Figure 22: 200 MHz C NMR spectrum o f  p o ly (2 ,3 -m eth y len ed io x y sty ren e ).
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Figure 23: 200 MHz C NMR spectrum o f brominated p o ly (2 ,3 -m 3th y len ed ioxysxyren e).
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Figure 29: 200 MHz 15C NMR spectrum o f  p o ly ( 6 - v in y l-1 ,4 -b e n z o d io x a n e ).
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Figure 30: 200 MHz C NMR spectrum of brominated poly(6-Yinyl-1,4-benzodioxane),
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of  t h e  chemical s h i f t  of C3 can be n o t e d ,  bu t  t h i s  p o s i t i o n  i s  
u n l i k e l y  t o  be b rom ina ted .
VI. Cyanoyenat ion R e a c t ion :  We a n t i c i p a t e d  t h a t  cyanogena ted  
polymers  could  be o b t a i n e d  by chemical m o d i f i c a t i o n  of  t h e  bromina ted  
r e s i n s  p r e v i o u s ly  s y n t h e s i z e d .  I f  t h e  cyanoyena t ion  r e a c t i o n s  were 
s u c c e s s f u l ,  ami nomethy la ted  polymers could have been g e n e ra te d  by 
r e d u c t io n  of  t h e  cyano g ro u p s .  Although t h e  cyanoyena t io n  of 
bromobenzene d e r i v a t i v e s  i s  wel l documented,  a p p l i c a t i o n  of  t h i s  
p rocedu re  t o  brominated polymers  proved t o  be d i f f i c u l t .  The 
bromina ted  p o l y ( 5 - v i n y l - l , 3 - b e n z o d i o x o l e )  was al lowed t o  r e a c t  wi th  
copper  cyan ide  under  ex treme c o n d i t i o n s ,  i . e . ,  i n  DMF a t  r e f l u x  (215 
°C) f o r  f o u r  h o u r s .  The polymer i s o l a t e d  was c o lo re d  due t o  t h e  
p re se nc e  of  copper  s a l t s  d e s p i t e  e x t e n s i v e  wash ing .  The low n i t r o g e n
" c o n t e n t  and t h e  absence  of  t h e  c h a r a c t e r i s t i c  cyano a b s o r p t i o n  band in 
t h e  IR a r e  s t r o n g  i n d i c a t i o n s  t h a t  s u b s t i t u t i o n  of t h e  bromine i s  
l i m i t e d .  This  could be a t t r i b u t e d  t o  t h e  impact  imposed by t h e  
e l e c t r o n  d ona t ing  n a tu r e  of t h e  a lkoxy s u b s t i t u e n t s .  The f a i l u r e  of 
t h e  cyanogena t io n  r e a c t i o n  o f  poly ^ 8 ,  poly jJ9, and poly 30 p rec luded  
i t s  f u r t h e r  e v a l u a t i o n  on poly ^  and poly 32.
VII .  Ami nomethyl a t i o n  R e a c t ion :  The problems i n h e r e n t  t o  
c h l o r o m e t h y la t i o n  of p o l y ( v i n y l c a t e c h o l ) p r e c u r s o r s ,  i . e . ,  p r o p e n s i t y  
toward c r o s s l i n k i n g ,  p o t e n t i a l  c a r c i n o g e n o c i t y  o f  ch loromethyl  a lky l  
e t h e r s  as  c h lo r o m e t h y l a t i n g  a g e n t s ,  and t h e  f a i l u r e  of t h e  
cyanogena t ion  r e a c t i o n  prompted us t o  d i r e c t  our  a t t e n t i o n  t o  a more 
d i r e c t  means of  i n t r o d u c i n g  t h e  ami nomethyl s u b s t i t u e n t .  While t h e  
a m i d o a lk y l a t i o n  of  monomeric compounds vi a  N-methylene s u b s t i t u t e d  
amides and imides has been known f o r  many y e a r s  and reviewed by
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Z a ugg ,1'71 on ly  a few expe r im e n t s  on c i - amidoa lky la t ion  of  a ro m a t i c  
polymers  have been r e p o r t e d . 172,173 in t h e s e  s t u d i e s ,  N -m e th y lo l - ,  or  
N - c h lo r o m e th y lp h th a l im id e ,  and N-m ethy lo lace tamide  were used as 
a l k y l a t i n g  a g e n t s .  M e r r i f i e l d 1^ * 1^  r e p o r t e d  a d i r e c t  
a m i d o a lk y l a t i o n  of  p o l y s t y r e n e  r e s i n s  which,  upon h y d r a z i n o l y s i s ,  
y i e l d e d  ami nomethyl a t e d  r e s i n s ,  key i n t e r m e d i a t e s  f o r  f u r t h e r  chemical 
m o d i f i c a t i o n s .  Da ly1^® r e p o r t e d  t h e  amidomethy la t ion  of p o l y ( o x o - 2 ,6 -  
d im e thy1 - 1 , 4 - p h e n y l e n e ) ;  t h i s  r e s i n  was r e a d i l y  c h a r a c t e r i z e d  owing t o  
i t s  s o l u b i l i t y  in  o r g a n ic  s o l v e n t s .
The t r e a t m e n t  of po ly  28^in  d ich lo rom e tha ne  with 
N -m ethy lo lph tha l im ide  in  t r i f l u o r o a c e t i c  a c id  in  t h e  p resence  of 
t r i f l u o r o m e t h a n e s u l f o n i c  a c id  ( eq .  37) gave deep red -wine  c o l o r  
fo l lowed  by a fo rm a t ion  o f  b lue  p r e c i p i t a t e  a f t e r  3 t o  4 hours  of  
r e a c t i o n .  . Due t o  i t s  i n s o l u b i l i t y ,  t h i s  p roduc t  could not  be r e a d i l y  
c h a r a c t e r i z e d .  On t h e  o t h e r  hand,  u n r e a c te d  s t a r t i n g  m a t e r i a l  was 
r ecove red  upon t e r m i n a t i n g  th e  r e a c t i o n  b e fo r e  t h e  b lue  p roduc t  
s e p a r a t e d .  C r o s s l i n k i n g  seemed t o  occur  as soon as t h e  
a m i d o a lk y la t i o n  s t a r t e d .  The p h t h a l im i d o m e t h y la t i o n  of poly _32, an 
isomer  of  poly j?8, a f f o r d e d  an i n s o l u b l e  brown r e s i n .  The i n f r a r e d  
spect rum (Table  24) r e v e a l e d  abso rbances  a t t r i b u t a b l e  t o  t h e  c a rb o n y l s  
of  a ph th a l im id o  group,  1770 and 1720 cm"*, and t o  t h e  C-N bond, 1180 
cm"1. A 73% s u b s t i t u t i o n  was c o n s i s t e n t  wi th  e lemen ta l  a n a l y s i s .  
Subsequent  h y d r a z i n o l y s i s  of  t h e  amidomethylated polymer in  e thano l  
a f f o r d e d  i n s o l u b l e  ami nomethyl a t e d  r e s i n  as  ev idenced  by IR; no 
ca rbonyl  a b s o r p t i o n  was d e t e c t e d ,  and a broad band a t  3370 cm"1 
i n d i c a t e d  pr imary  amine in  c o n ju n c t io n  wi th  a b s o r p t i o n  band a t  1180 
cm"1 c onf i rm ing  t h e  be r izy l ic  l i n k a g e .
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The p h t h a l im i d o m e t h y la t i o n  of poly 29^ poly 30 and po ly  31_ 
proceeded very c l e a n l y  ( eq .  37 ) ;  in  a l l  c a s e s ,  a very v i sc ous  m a t e r i a l  
s e p a r a t e d  from t h e  m ix tu re  a f t e r  16 hours  of  s t i r r i n y  a t  room 
t e m p e r a t u r e .  The p r o d u c t s  were r e a d i l y  r e p r e c i p i t a t e d  from DCM i n t o  
methanol t o  g ive  whi te  powders .  The e x t e n t  of  s u b s t i t u t i o n  e s t i m a t e d  
from chemical a n a l y s i s  was e x c e l l e n t  ( >72% ) .  The amidomethyl group 
f a i l e d  t o  d e a c t i v a t e  t h e  a rom a t ic  r i n g ;  m u l t i p l e  s u b s t i t u t i o n  was 
o b ta in e d  when excess  of  N -m ethy lo lph tha l im ide  was employed.  
M o n o s u b s t i tu t io n  may be c o n t r o l l e d  by employing a s t o i c h i o m e t r i c  
amount of  t h e  a m i d o a lk y l a t i n g  r e a g e n t .  In each c a s e ,  t h e  carbonyl  
groups of  t h e  p h th a l im id o  f u n c t i o n  were d e t e c t e d  a t  1773 and 1717 cm"* 
in  t h e  FT-IR s p e c t r a .  The FT-IR spectrum of t h e  amidomethylated poly 
30 i s  i l l u s t r a t e d  in  f i g u r e  24 as  an example.  In t h e  p ro ton  MR, t h e  
b e n z y l i c  p ro tons  appeared as a broad band a t  4 . 5 - 5 . 4 5 6  and t h e  
a rom a ti c  p ro tons  of t h e  ph th a l im id o  r i n g  were e v id e n t  a l s o  as  a broad 
peak a t  7 .506 .
H y d r a z in o ly s i s  of  t h e  amidomethylated polymers  was c a r r i e d  out  in 
t h e  p re se nc e  of  h y d raz in e  in  e thano l  a t  50-60 °C. A f t e r  14 hours  of  
r e f l u x ,  t h e  p h t h a l o y l h y d r a z i d e ,  a by -p roduc t  which p r e c i p i t a t e d ,  was
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Figure 24: FT-IR spectrum of the phthalimidomethylated poly(2,3-dimethoxystyrene)
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removed by f i l t r a t i o n .  The v iscous  f i l t r a t e  was d i l u t e d  with 
c h lo ro fo rm .  Evapora t io n  of t h e  s o lv e n t  produced a c l e a r  f i l m ,  which 
cou ld  not  be r e d i s s o l v e d  in  o rg a n ic  s o l v e n t s .  However, t h e  FT-IR 
spect rum re v e a l e d  a broad band a t  3350 cm"1 a s s ig n e d  t o  t h e  pr imary  
amine,  and t h e  carbonyl  a b s o r p t i o n s  d i s a p p e a r e d .  The i n s o l u b i l i t y  may 
be due t o  e x t e n s i v e  i n t e r m o l e c u l a r  hydrogen-bonding between t h e  
hydrogens of  t h e  amino group and t h e  oxygens of t h e  p r o t e c t i n g
groups .  An a t t e m p t  t o  break up t h i s  bonding by r e f l u x i n g  t h e  polymer
i n  m e tha no l i c  h y d r o c h l o r i c  a c id  system f a i l e d .  All t h e  
ami nom ethyla ted  polymers r e a c t e d  wi th  n in h y d r in  s o l u t i o n  p o s i t i v e l y  
i n d i c a t i n g  t h e  p re se nc e  of a pr imary amine f u n c t i o n .
An a l t e r n a t i v e  method of amidomethyla t ion was e xp lo re d  by 
employing N-bromomethylphthal imide as  a s u b s t r a t e  f o r  n u c l e o p h i l i c  
a t t a c k .  In t h i s  method,  t h e  polymer was t r e a t e d  i n i t i a l l y  w i th  
a lk y l  l i t h i u m  fo l lowed  by an SN2 r e a c t i o n  of  t h e  l i t h i a t e d  polymer wi th  
N-bromomethylphthal imide ( eq .  38 ) .  Addi t ion  of  t h e  a m i d o a lk y l a t i n g  
agen t  t o  t h e  m ix tu re  was accompanied by a red c o lo r  which tu r n e d  
ye l low  a t  t h e  end of  t h e  r e a c t i o n .  The p roduc t  of t h i s  r e a c t i o n  was 
unexpec ted ly  i n s o l u b l e  in  common s o l v e n t s .  The degree  of s u b s t i t u t i o n
was moderate  (40%) which i s  c o n s i s t e n t  w i th  t h e  e x t e n t  of  l i t h i a t i o n
of  p o l y ( v i n y l c a t e c h o l ) p r e c u r s o r s  p r e v i o u s l y  d i s c u s s e d .  N o n e t h e le s s ,  
a b s o r p t io n  bands a t  1750 and 1690 cm"1 a t t r i b u t a b l e  t o  carbonyl  
f u n c t i o n s  a r e  s t r o n g  i n d i c a t i o n  of  t h e  s u c ce s s  of t h e  r e a c t i o n .  In 
a d d i t i o n ,  t h i s  r e s u l t  confi rms  t h a t  t h e  l i t h i a t i o n  e v i d e n t l y  took  
p l a c e .
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Q u a t e r n i z a t i o n  of  ami nomethy la ted poly _30^was performed by 
t r e a t m e n t  with excess  iodomethane (eq .  39 ) .  The brown c o l o r ' o f  t h e  
s t a r t i n g  m a t e r i a l  changed t o  red a f t e r  4 days i n d i c a t i n g  t h a t  a 
r e a c t i o n  o c c u r r e d .  Less than  10% of m e t h a n o l - s o lu b l e  q u a t e r n i z e d  
r e s i n  was i s o l a t e d .  The p resence  of i o d in e  in  q u a n t i t a t i v e  amount in 
t h e  i n s o l u b l e  r e s i d u e  was confirmed  by e lem enta l  a n a l y s i s .
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In an a t t e m p t  t o  i n t r o d u c e  e thy l  amino group onto t h e  a rom a t ic  
r i n g ,  poly _30^was t r e a t e d  wi th  N - (2 -h y d r o x y e th y l )p h th a l  imide under  
c o n d i t i o n s  s i m i l a r  t o  am id o m e th y la t io n .  The polymer i s o l a t e d  
c o n ta in e d  n i t r o g e n ;  however ,  both NMR and IR f a i l e d  t o  conf i rm  t h e  
p r e s e n c e  of an e t h y l p h t h a l i m i d o  group .
V I I I .  S u l f o n a t i o n  R e a c t io n :  S u l fo n a t e d  s t y r e n e - d i v i n y l  benzene 
copolymers have been used as  ion exchange r e s i n s  in  w a te r  t r e a t m e n t ,  
in  t h e  recovery  of  m e ta l s  from aqueous s o l u t i o n s ,  in  ch romatography ,  
in  c a t a l y s i s ,  and in  t h e  pha rm aceu t ica l  i n d u s t r y .  Very r e c e n t l y ,  
Ogawa and Marvel^  r e p o r t e d  t h e  s u l f o n a t i o n  of  p o l y (a r o m a t i c  e t h e r  
k e to n e s )  and p o l y (a r o m a t i c  e t h e r  k e t o - s u l f o n e ) .  r However, t h e i r
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a p p l i c a t i o n s  a re  r e s t r i c t e d  owing t o  poor  s o l u b i l i t y .  In t h i s  work,  
polymers were s u l f o n a t e d  wi th  l i q u i d  s u l f u r  t r i o x i d e  in  t h e  p r e s e n c e  
of t r i a l k y l  p h o s p h a te .  Th is  complex s u l f o n a t i n g  agen t  was a l s o  used 
by Noshay and Robeson178 s u g g e s t i n g  t h a t  t h i s  mild s u l f o n a t i o n  shou ld  
have minimized or  even e l i m i n a t e d  p o s s i b l e  s i d e  r e a c t i o n s .  In 
a d d i t i o n ,  McGrath e t  a l . 179 and Daly e t  a l . 108 employed t h i s  
s u l f o n a t i n g  agent  t o  s u l f o n a t e  p o l y ( a r y l e n e  e t h e r  s u l f o n e ) ;  t h e  
s u l f o n a t e d  r e s i n  cou ld  be c a s t  i n t o  membranes which e x h i b i t e d  l i m i t e d  
p e r m i s e l e c t i v i t y .
Poly 29_, poly and poly J51_were t r e a t e d  with a s t o i c h i o m e t r i c  
amount of  c h l o r o s u l f o n i c  a c i d ;  exces s  c h l o r o s u l f o n i c  a c id  was avo ided 
t o  p reven t  t h e  f o rm a t ion  of  c h l o r o s u l f o n a t e d  polymers  and d e g r a d a t i o n  
or  c r o s s l i n k i n g  of  t h e  po lymers .  Immediate phase s e p a r a t i o n  o c c u r r e d  
when t h e  r e a c t a n t s  were mixed,  but  t h e  p r e c i p i t a t e d  gel was r e a d i l y  
s o l u b l e  in  w a t e r .  The aqueous m ix tu re  was made a l k a l i n e  b e fo r e  
a d d i t i o n  of t e t raa lkylammonium c h l o r i d e .  The q u a t e r n a r y  ammonium s a l t  
was in tended  t o  s e rve  as an a n a l y t i c a l  probe as  d e s c r i b e d  by 
McGrath. 179 The q u a t e r n i z e d  s u l f o n a t e d  polymers  cou ld  be i s o l a t e d  
only from DMF-water sys tem i n t o  a c e t o n e .  The w h i te  p r o d u c t s  o b t a i n e d  
were l e s s  w a te r  s o l u b l e  than  th e  s u l f o n a t e d  po lymers;  t h e  s u l f o n a t e d  
polymers were h ig h ly  m o i s t u re  s e n s i t i v e .  The measured i n t r i n s i c  
v i s c o s i t y  (0 .41  dL/g)  of t h e  q u a t e r n i z e d  s u l f o n a t e d  poly 29 i n d i c a t e s  
t h a t  t h e  s u l f o n a t i o n  oc c u r r e d  w i th o u t  d e g r a d a t i o n  of  t h e  polymer .  The 
q u a t e r n i z a t i o n  was not  q u a n t i t a t i v e  based on t h e  small  c o n te n t  of  
n i t r o g e n  r e v e a l e d  by e lem en ta l  a n a l y s i s  d e s p i t e  a p ro longed  t im e  of 
t h e  r e a c t i o n ;  however,  a high c o n te n t  of s u l f u r  was d e t e c t e d .  The 
q u a t e r n i z a t i o n  r e a c t i o n ,  t h e r e f o r e ,  i s  l i m i t e d .
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A r e l a t i v e l y  h i g h e r  c o n t e n t  of  n i t r o g e n  was found in  q u a t e r n i z e d  
s u l f o n a t e d  poly 29.  The symmetric 0=S=0 s t r e t c h i n g  of t h e  s u l f o n a t e  
group was v i s i b l e  a t  1000 cm" 1 whereas  t h e  asymmetr ic  s t r e t c h i n g ,  
expec ted  a t  1100-1170 cm"1 , was poor ly  r e s o lv e d  due t o  t h e  o v e r l a p  
w i th  t h e  a b s o r p t i o n  bands of  t h e  methoxy g ro u p s .
The p ro to n  NMR spect rum of  t h e  q u a t e r n i z e d  s u l f o n a t e d  po ly  29  ^
c o n c e n t r a t e d  in  D20 r e v e a l e d  a sha rp  peak a t  3 .4 6  a s s i g n e d  t o  t h e  
hydrogens of  t h e  t e t r a m e t h y l  group ;  whi le  t h e  a b s o r p t i o n  peaks of t h e  
methoxy groups and t h e  benzene r in g  were s l i g h t l y  v i s i b l e ,  t h a t  of t h e  
backbone was t o t a l l y  b u r i e d .
IX. S u l f o m e th y l a t i o n  R e a c t io n :  The use of  s u l f o n a t e d  p o l y s t y r e n e  
r e s i n s  i s  r e s t r i c t e d  because  of  t h e i r  low thermal  s t a b i l i t y ;  above 150 
°C t h e  a rom a t ic  s u l f o n i c  a c id  f u n c t i o n s  a r e  i n c r e a s i n g l y
1 on
hyd ro ly z e d .  u T h e r e f o r e ,  a l k y l s u l f o n a t e d  polymers were s y n t h e s i z e d  
and were expec ted  t o  e x h i b i t  h i g h e r  thermal  s t a b i l i t y . 1®1 In t h i s  
s y n t h e s i s ,  a d i r e c t  s u l f o a l k y l a t i o n  could be ach ieved  only w i th
1 )  C IS O ^ /O C M
2 ) NoOH
3 ) Me4 NCI
.~CHjrCH'W^CH2-C H ~
eq. 4 0
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s u l t o n e s .  S u l f o m e th y l a t i o n  and s u l f o e t h y l a t i o n  of po ly ca tec h o l  
p r e c u r s o r s  were r e p o r t e d  by P a t e l t h e s e  s u l f o a l k y l a t e d  
p o l y ( c a t e c h o l s )  were shown t o  e x h i b i t  a marked a b i l i t y  t o  c o n t r o l  t h e  
v i s c o s i t y ,  t h e  gel s t r e n g t h ,  and t h e  f i l t r a t e  l o s s  of  aqueous o i l f i e l d  
d r i l l i n g  f l u i d s .
Using c o n d i t i o n s  d e s c r i b e d  by P a t e l ,  an a l k a l i n e  s uspens ion  of 
poly J28 was t r e a t e d  wi th  formaldehyde sodium b i s u l f i t e  a d d i t i o n  
compound and t h e  m ix tu re  was r e f l u x e d  f o r  4 hours  a t  60 °C. The 
u n r e a c te d  polymer was rec ove red  q u a n t i t a t i v e l y  by f i l t r a t i o n  and th e  
s o l u t e  in  t h e  aqueous f i l t r a t e  could be e a s i l y  p r e c i p i t a t e d  by pour ing  
i n t o  m ethano l .  A p p l i c a t i o n  of  t h e  s u l f o m e t h y l a t i o n  r e a c t i o n  w i th  t h e  
r e s t  of  t h e  polymers a f f o r d e d  th e  same r e s u l t s .  Hence, t h e  
s u l f o m e t h y l a t i o n  of  t h e s e  polymers d id  not  succeed under  t h e s e  
c o n d i t i o n s .
E. Removal of  Blocking Groups
Hydroiod ic  and hydrobromic a c id s  have been t h e  r e a g e n t s  of  cho ice  
when c le a va ge  of e t h e r s  was needed.  These Brons ted  a c id s  in  a c e t i c  
a c id  were a b le  t o  c l e a v e  t h e  methoxy group of  a low m o le c u la r  weight  
compound when hea ted  under  r e f l u x ; 1* ^  however,  wi th  h y d r o io d ic  a c i d ,  
t h e  e scape  of  methyl i o d i d e ,  a c a r c in o g e n i c  s u b s t a n c e ,  i s  
u n a v o id a b l e .  Brons ted a c i d s  have been a l s o  used by C a s s id y 94 and 
Iwabuchi®® t o  remove th e  p r o t e c t i n g  groups t o  g e n e r a t e  
p o ly (hydroqu inone )  and p o l y ( c a t e c h o l ) .  H ydroch lo r i c  a c id  has been 
found t o  c le a v e  only some s p e c i a l  ty p es  of  e t h e r s  such as b e n z y l ,  t -  
b u t y l ,  a l l y l ,  t r i t y l ,  and benzhydryl  e t h e r s . T r i f l u o r o a c e t i c  a c id  
has been used t o  c le a v e  s e l e c t i v e l y  benzyl  e t h e r s  w i thou t  a f f e c t i n g
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methyl e t h e r s  o r  e s t e r s .
Among t h e  Lewis a c i d s  employed t o  c l e a v e  e t h e r s  a re  aluminum 
h a l i d e s .  Boron t r i c h l o r i d e  has been e x t e n s i v e l y  used as  a r ea g e n t  f o r  
t h e  c le a va ge  o f  a wide v a r i e t y  of  e t h e r s  l i k e  a lk y l  a ry l  e t h e r s ,  mixed 
a l i p h a t i c  e t h e r s ,  c y c l i c  e t h e r s ,  and methoxy d e r i v a t i v e s  of  
c a r b o h y d r a t e s .  I t  can a l s o  c l e a v e  a c e t a l s  and c e r t a i n  t y p e  of 
e s t e r s .  Ger ra rd  and L a p p o r t ^  sugges ted  t h a t  t h e  c le a va ge  of  t h e  C-0 
bond proceeded by an SN1 mechanism in boron t r i c h l o r i d e  s y s te m s .  With 
t h i s  Lewis a c i d ,  methy lened ioxy  was claimed  t o  be c l eaved  s e l e c t i v e l y  
in  t h e  p resence  o f  methoxy g r o u p s . ^  In c o n t r a s t ,  boron t r i b r o m i d e  
can c l e a v e  methoxy f u n c t i o n s  under  c o n d i t i o n s  which do not  a f f e c t  t h e  
m ethy lenedioxy g ro u p s .  The r e a c t i v i t y  d i f f e r e n c e  between methoxy and 
methylenedioxy s u b s t i t u e n t s  i s  l a r g e  enough t o  a l low  s e l e c t i v e  
c l e a v a g e  of t h e  fo rmer  in  t h e  p resence  of  t h e  methylened ioxy  group .
R e c e n t l y ,  boron t r i b r o m i d e  has become t h e  p r e f e r r e d  rea g e n t  because  
t h e  c l e a v a g e  of  e t h e r  can be e f f e c t e d  under  mild c o n d i t i o n s ,  and t h e  
need f o r  s t r o n g l y  a c i d i c  or  b a s i c  r e a c t i o n  can be av o id e d .  While t h e  
p r e c e d in g  r e a g e n t s  c l e a v e  t h e  C-0 bond by an SN1 or  SN2 pathway,  with 
phosphorus p e n t a c h l o r i d e  t h e  methy lenedioxy group undergoes 
c h l o r i n a t i o n  fo l lowed  by c a r b o n y l a t i o n  as i l l u s t r a t e d  in  Scheme 23; 
t h e  C-0 bond i s  not  c l e a v e d  d i r e c t l y .
Cleavage  of  t h e  formal  group t o  l i b e r a t e  t h e  c a te c ho l  moiety  has 
been e v a l u a t e d  t h o r o u g h l y .  Although i t  i s  p o s s i b l e  t o  c l e a v e  a k e t a l  
b lo ck in g  g roup ,  i . e . ,  a 2 , 2 - d im e th y l - 1 ,3 - b e n z o d i o x o l e  w i th  jj-  
t o l u e n e s u l f o n i c  a c id  and bu ty l  m e r c a p t a n , ^  t h e  formal  l i n k a g e  proved 
t o  be much more s t a b l e .  Treatment  of  poly ^  and po ly  ^ 2 _ in  a c e t i c  
a c id  wi th  48% hydrobromic a c id  a t  115 °C y i e l d e d  b lue  i n s o l u b l e  r e s i n s
which d e f i e d  c h a r a c t e r i z a t i o n .  Only boron t r i c h l o r i d e  was e f f e c t i v e  
in  c l e a v in g  t h e  methylenedioxy group.  When po ly  28^was t r e a t e d  wi th  
boron t r i c h l o r i d e  i n  t h e  p re se nc e  of  dodecyl  mercaptan in 
d ic h lo r o m e th a n e ,  a phase s e p a r a t i o n  oc c u r r e d  s h o r t l y ,  but  t h e  polymer 
cou ld  be r e d i s s o l v e d  by adding enough methyl a l c o h o l .  An i n s o l u b l e ,  
a lmos t  w h i te  polymer w i th  a s t r o n g  OH s t r e t c h  in  t h e  IR spectrum was 
i s o l a t e d .  This  r e s i n  cou ld  be swol len  in  DMSO, 90% a c e t i c  a c i d ,  and 
t h e  e x t e n t  of  swel l  a b i l i t y  i n c r e a s e s  as  t h e  a c i d i t y  of  t h e  medium 
i n c r e a s e s .  The r e a c t i o n  i s  b e l i e v e d  t o  proceed  v ia  n u c l e o p h i l i c  
a t t a c k  of  dodecyl  mercap tan on t h e  more e l e c t r o n  d e f i c i e n t  carbon  of  
t h e  oxonium s p e c i e s  i n i t i a l l y  formed by complexa t ion  of  BCI3 , a Lewis 
a c i d ,  t o  oxygen as shown in Scheme 24.
Scheme 24: R eaction  o f  P oly  28 w ith  BCl^-Dodecyl
M ercaptan
~ ch2- ch~
BCI3
<■
*n/CH2- C H ^
Cleavage of  t h e  methoxy b lock ing  groups in  poly J29y p o l y ( 3 , 4 -  
d i m e th o x y s t y re n e ) ,  could be e f f e c t e d  wi th  48% hydrobromic a c id  under  
t h e  c o n d i t i o n s  d e s c r i b e d  above .  The p o l y ( 4 - v i n y l c a t e c h o l ) was s o l u b l e
13^
i n  methanol i n i t i a l l y ,  but  exposure  t o  a i r  r a p i d l y  induced da rken ing  
t o  a deep p u r p l e  and t h e  r e s i n  became i n s o l u b l e  in  a l l  s o l v e n t s .  This  
i n s o l u b i l i t y  could be due t o  c r o s s l i n k i n g  o c c u r r in g  by n u c l e o p h i l i c  
a t t a c k  of a c a te c h o l  u n i t  on a q u ino id  moiety formed by a u to o x i d a t i o n  
of  c a te c ho l  u n i t s .  The qu in o id  u n i t s  a c t  as  an e l e c t r o p h i l i e  s p e c i e s  
r e l a t i v e  t o  c a te c h o l  m o i e t i e s ,  and d i m e r i z a t i o n  t a k e s  p l a c e  as shown 
in  eq u a t io n  41.
The p u rp le  i n t e r m e d i a t e  r e s i n  may c o n ta i n  s t a b l e  semiquinone r a d i c a l s
poly J l_ w e r e  not  c leaved  by 48% HBr; a l thouyh  p a r t i a l  d i s s o l u t i o n  in 
t h e  s t r o n g  a c id  appears  t o  o c c u r ,  no ev id ence  f o r  hydroxy a b s o r p t io n  
can be d e t e c t e d  in  t h e  i n f r a r e d  s p e c t r a  of t h e  r e s i n s  r ecovered  by 
pou r ing  t h e  a c id  m ix tu re  i n t o  m ethano l .  In c o n t r a s t ,  boron 
t r i c h l o r i d e  in d ich lo rom e thane  c leaved  t h e  methoxy group of poly JO 
q u a n t i t a t i v e l y  and t h e  p o l y ( 3 - v i n y l c a t e c h o l ) ,  J 4 ,  was i s o l a t e d  w i thou t  
d i f f i c u l t y  ( eq .  42 ) .
•q. 41
H
as evidenced by ESR s p e c t r o s c o p y . O n  t h e  o t h e r  hand,  poly 30 and
•q. 42
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Figure 25: FT-IR sp ec tra  o f  p o ly (2 ,5 -d im e th o x y sty r en e ) ,  
curve A, and p o ly (3 -v in y lc a te c h o l) , curve B.
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Figure. 26: 200 MHz 1H NMR sp ec tra  o f  p o ly (3 -v in y l-
c a te c h o l) :  A, in  DMSO-d6 ; B, in  DMSO-dg/DgO.
Poly (3 -v in y l  c a t e c h o l ) ,  _34, e x h i b i t s  high  s t a b i l i t y  t o  a i r ;  t h e  p u r p le  
c o l o r  i n d i c a t i v e  of  o x i d a t i o n  began t o  appear  a f t e r  s e v e r a l  months of  
exposure  t o  a i r  but  t h e  r e s i n  remained s o l u b l e  in  m e th a n o l ,  s u g g e s t in g  
t h a t  t h e  above mentioned d i m e r i z a t i o n  p r o c e s s  d id  not  o c c u r .  In t h e  
FT-IR s p e c t r a  shown in f i g u r e  25,  a pronounced hydroxyl  group 
a b s o r p t io n  a t  3500-3200 cm” 1 i s  a p p a re n t  and t h e  methoxy group 
a b s o r p t i o n s  a t  1030 and 1260 cm" 1 have d i s a p p e a r e d .  The p ro ton  NMR 
s p e c t r a  t aken  in DMS0-dg a re  poor ly  r e s o l v e d ,  but  t h e  broad band a t  
4 .56  undergoes deu te r ium  exchange when ^ O  i s  added i n d i c a t i n g  t h a t  
t h i s  band should  be a s s ig n e d  t o  OH ( F ig .  2 6 ) .  A survey of  t h e  
l i t e r a t u r e  d id  not  revea l  a s p e c t r o s c o p i c  c h a r a c t e r i z a t i o n  of  any 
p o l y ( c a t e c h o l ) s y n t h e s i z e d  t o  d a te  because  t h e  r e s i n s  f a i l e d  t o  
d i s s o l v e  i n  any s o l v e n t .  T h e r e f o r e ,  p o l y ( 3 - v i n y l  c a t e c h o l ) e x h i b i t s  
un ique p r o p e r t i e s  and i s  easy t o  work wi th  due t o  i t s  s o l u b i l i t y .
As m en t io ned ,  poly _31_was p repa red  because  we a n t i c i p a t e d  t h a t  
t h e  1,4 -benzodioxane  f u n c t i o n a l  group would be e a s i e r  t o  hy d ro ly z e  
than  t h e  1 ,3 - b e n z o d io x o le  group.  The a c t i o n  of boron t r i c h l o r i d e  on 
poly ^  in t h e  p re se nc e  of  dodecyl  mercap tan  produced an immediate  
phase s e p a r a t i o n .  The i s o l a t e d  polymer was r e a d i l y  s o l u b l e  in  
h a logena ted  s o l v e n t s  and could be p r e c i p i t a t e d  in  methanol  l i k e  t h e  
' s t a r t i n g  m a t e r i a l ,  which i n d i c a t e s  t h a t  no c le a va ge  has o c c u r r e d .
This  r a p id  phase s e p a r a t i o n  was a l s o  observed wi th  po ly  28 as  
d e s c r i b e d  above .  Th is  could be due t o  c o o r d i n a t i o n  o f  t h e  Lewis a c id  
(BC13) t o  t h e  oxygen of  t h e  methylened ioxy  and e th y l e n e d i o x y  g r o u p s .  
However, t h e  n u c l e o p h i l i c  a t t a c k  of  dodecyl  mercaptan proposed in  
Scheme 24 f a i l e d  t o  o c c u r .  Boron t r i b r o m i d e  and i t s  d imethyl  s u l f i d e  
complexes ,  hydrobromic a c i d ,  j > - t o l u e n e s u l f o n i c  a c i d ,  and d i l u t e
f O o h  S ' m  O c
043pm
Figure 31: NMR o f  p o ly ( 6 -v in y l- 1 ,4 -b en zod ioxan e).
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Figure 32: 'h BMR of poly(6-vinyl-1,4-benzodioxane) after treatment with 51% HI.
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s u l f u r i c  a c id  f a i l e d  t o  c l e a v e  t h e  e th y l e n e d io x y  b lo ck in g  group;  t h e  
p r o p e r t i e s  of  t h e  poly _31^  r ecove red  from t h e  v a r io u s  a c id  t r e a t m e n t s  
were unchanged.
Treatment  of  poly _31^  wi th  57% h y d r o io d i c  a c id  y i e l d e d  polymer 
which cou ld  be i s o l a t e d  by pou r ing  t h e  a c id  s o l u t i o n  i n t o  i c e - w a t e r .  
I n i t i a l l y ,  t h i s  would s u gge s t  t h a t  t h e  e t h y l e n e d i o x y  group had been 
c l e a v e d ,  and p o l y ( 4 - v i n y l  c a t e c h o l ) t h e n  would be i n s o l u b l e  in  
h a loge na te d  s o l v e n t s ,  but  t h e  i s o l a t e d  polymer was s o l u b l e  in  t h e s e  
s o l v e n t s .  In a d d i t i o n ,  t h e  p r e c i p i t a t i o n  of t h e  polymer from 
ch lo ro fo rm  s o l u t i o n  i n t o  v a r i o u s  s o l v e n t s  such as  m ethano l ,  e t h a n o l ,  
a c e t o n e ,  e t h e r ,  and hexane f a i l e d  t o  o c c u r .  Hence, t h e  p r o p e r t i e s  of 
poly were a l t e r e d  somewhat by r e a c t i n g  wi th  aqueous HI. The 
s t r u c t u r e  of  poly _31_ may be m odif ied  as  s u gge s te d  by p ro ton  NMR d a t a ;  
in  t h i s  spectrum ( F i g .  32) ,  w h i l e  t h e  e th y l e n e d i o x y  hydrogens absorbed 
a t  t h e  same chemical  s h i f t ,  t h e  a b s o r p t i o n  bands of  t h e  benzene 
hydrogens appeared as  one broad peak i n s t e a d  of two broad peaks as in 
po ly  ^1_ (F ig .  31)-. The spect rum s u g g e s t s  t h a t  a s u b s t i t u t i o n  of  t h e  
benzene r i n g  took p l a c e .  However, an i o d i n e  s u b s t i t u t i o n  was ru le d  
out  because  t h e  i o d in e  c o n te n t  was n e g l i g i b l e  ac co rd in g  t o  t h e  
e lem enta l  a n a l y s i s .  H e n c e fo r th ,  i t  i s  c l e a r  t h a t  poly ^ i s  not  a 
p r a c t i c a l  p o l y ( v i n y l c a t e c h o l ) p r e c u r s o r .
F.  Ox ida t ion  of P o l y ( v i n y l c a t e c h o l s )  t o  Correspond ing  
Po ly (b enzoqu inones )
E a r l i e r  in  our  l a b o r a t o r y ,  t h e  o x i d a t io n  of  pendent  c a te c h o l  
u n i t s  in  t e r p o ly m e rs  was performed u s ing  o x i d i z i n g  a ge n ts  such as  
e e r i e  ammoninum n i t r a t e  and c h l o r i n e . 187 However, t h e  o x i d a t i o n s  were
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r e p o r t e d  p a r t i a l l y  s u c c e s s f u l .  T h e r e f o r e ,  hydrogen pe rox ide  and
po tass ium  n i t r o s o d i s u l f o n a t e ,  a Fremy 's  r a d i c a l ,  were employed as
H Ia l t e r n a t i v e  o x i d a n t s  in  subsequen t  work.  1 However, c h a r a c t e r i z a t i o n  
of  t h e  o x id iz e d  polymers posed some d i f f i c u l t y  due t o  t h e  r e l a t i v e l y  
small  l o a d i n g s  of  c a t e c h o l  m o i e t i e s .
In t h i s  s t u d y ,  ce r ium(IV)  ammonium n i t r a t e  was t h e  o x idan t  of  
c h o i c e .  The o x i d a t i o n  of  po ly (3 -a n d  4 - v i n y l c a t e c h o l ) was performed in  
t h e  p resence  o f  a l a r g e  q u a n t i t y  of  e e r i e  s a l t  in THF (eq .  43 ) ;  t h e  
he te rogeneous  m ix tu re  t u r n e d  brownish a f t e r  48 hours  a t  room 
t e m p e r a t u r e .  The c h a r a c t e r i z a t i o n  of t h e  o x i d i z e d  p ro d u c t s  by many 
s p e c t r o s c o p i c  t e c h n i q u e s  was p rec lu d ed  by t h e  t o t a l  i n s o l u b i l i t y  o f  
t h e  r e s i n s  in  a l l  s o l v e n t s .  C o n s e q u e n t ly ,  we had t o  r e l y  on t h e  da ta  
o b t a in e d  from t h e  i n f r a r e d  s p e c t r a .  For  i n s t a n c e ,  t h e  r e s i n s  wi th
(N H .)-C e(N O .),
3 4
benzoquinone f u n c t i o n s  e x h i b i t e d  t y p i c a l  ca rbonyl  a b s o r p t i o n s  a t  1750 
and 1650 cm"*, and t h e  r e a c t i o n  seemed t o  be comple te  based on t h e  
l a r g e  i n t e n s i t y  of t h e  bands .  For both p o ly (v in y l  c a t e c h o l s ) , an 
i n c r e a s e  in  weight  was d e t e c t e d  a f t e r  t h e  o x i d a t i o n  r e a c t i o n ,  
s u g g e s t i n g  t h a t  a degree  of  c o o r d i n a t i o n  of  c a te c h o l  u n i t s  wi th  ce rous  
ion o c c u r r e d .
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G. P o t e n t i o m e t r i c  T i t r a t i o n  of  P o ly (3 -v in y l  c a t e c h o l )
For  t h e  c h a r a c t e r i z a t i o n  of  t h e  redox po lymers ,  t h e  redox 
c a p a c i t i e s  and t h e  redox p o t e n t i a l s  a r e  t h e  d e f i n i t i v e  p r o p e r t i e s .
The redox c a p a c i t i e s  depend on t h e  decompos i t ion  of t h e  polymer and 
a r e  measured in  meq/g r e s i n .  The measurement of  t h e i r  redox 
p o t e n t i a l s  e s t i m a t e s  t h e i r  a p p l i c a b i l i t y  as  o x i d a n t - r e d u c t a n t  
r e a g e n t s .  The p o t e n t i o m e t r i c  t i t r a t i o n  of  redox systems i s  c o n s id e r e d  
t o  be t h e  most con v e n ie n t  t e c h n i q u e  t o  de te rm ine  t h e i r  p o t e n t i a l s .
The e q u a t io n  below ( eq .  25) d e s c r i b e s  t h e  redox p roce s s  hydroquinone 
(H) -  quinone (Q):
~ C H -C H 2 ~
H
~C H -CH 2 ~  
tO
+  2  Hi* +  2 t”
•q . 2 5
The Nerns t  e q u a t io n  f o r  t h i s  redox system i s  shown in e q u a t io n  26 
where Eh r e p r e s e n t s  t h e  p o t e n t i a l  of  t h e  system a g a i n s t  t h e  hydrogen 
e l e c t r o d e  measured in  v o l t s ;  Em i s  t h e  p o t e n t i a l  a t  50% o x i d a t i o n .
** “ Em + If Lb {if 26
In a p o t e n t i o m e t r i c  t i t r a t i o n  of a redox s u b s t a n c e  in  s o l u t i o n ,  
two e l e c t r o d e s  a r e  needed .  A r e f e r e n c e  e l e c t r o d e  which wi th  i t s  
ambient  s o l u t i o n  c o n s t i t u t e  a h a l f - c e l l .  In most c a s e s ,  t h e  calomel  
o r  s i l v e r - s i l v e r  c h l o r i d e  s e rve  as r e f e r e n c e  e l e c t r o d e s  r a t h e r  than
t h e  hydrogen e l e c t r o d e .  The i n d i c a t o r  e l e c t r o d e  i s  u s u a l l y  made of  an 
i n e r t  metal  such as p la t in u m  or  g o ld .  I t  forms a h a l f - c e l l  wi th  t h e  
s o l u t i o n  of  t h e  redox s u b s t a n c e .  The two coup led  h a l f - c e l I s  comprise  
t h e  e l e c t r o c h e m i c a l  c e l l .  For each a d d i t i o n  of  t i t r a n t ,  t h e  observed  
p o t e n t i a l  i s  a l lowed t o  reach  a va lue  c o n s t a n t  wi th  t i m e .  Th is  i s  
assumed t o  r e p r e s e n t  an e q u i l i b r i u m  s t a t e .  In o r d i n a r y  p o t e n t io m e t r y  
wi th  s im ple  redox s u b s t a n c e s ,  t h e  i n d i c a t o r  e l e c t r o d e  responds  very 
r a p i d l y  t o  t h e  a d d i t i o n  o f  t h e  t i t r a n t .  However, t h e  response  of  t h e  
e l e c t r o d e  i s  r a t h e r  -slow wi th  s o l u t i o n s  of redox p o l y m e r s . ^
In d e a l i n g  wi th  t h e  measurement of  t h e  p o t e n t i a l s ,  s e v e r a l  
f a c t o r s  seem always t o  be t h e  s ou rc e s  of  d i f f i c u l t i e s  in measuring t h e  
redox p r o p e r t i e s  of  po lymers .  A major f a c t o r  i s  t h e  p re se nc e  of  
oxygen.  T i t r a t i o n  of  a tm osphe r ic  oxygen wi th  t i t a n i u m  c h l o r i d e  i s  
always p o s s i b l e .  S o l u b i l i t y  and w e t t a b i l i t y  of  t h e  r e s i n s  c o n t r i b u t e  
t o  t h e  c o m p l i c a t i o n s .  S o l u b i l i t y  problems may a r i s e  with l i n e a r  
polymers;  w e t t a b i l i t y  may a f f e c t  t h e  p r o p e r t i e s  of  c r o s s l i n k e d  
po lym ers .  A t h i r d  sou rce  of d i f f i c u l t y  i s  t h e  s lowness  of  r each ing  
t h e  e q u i l i b r i u m  v a lue  wi th  redox polymers  due t o  r e d i s t r i b u t i o n  of  t h e  
ox id iz e d  s i t e s .  When t h e  redox polymer i s  t i t r a t e d ,  t h e  r e a c t i o n  wi th  
t h e  t i t r a n t  i s  u s u a l l y  f a s t  in  r e s p e c t  t o  t h e  redox f u n c t i o n a l i t y  of  
t h e  p o ly m e r .*** However, i t  might  t a k e  minutes  t o  hours f o r  
p o t e n t i o m e t r i c  e q u i l i b r i u m  t o  be rea c h e d .  The reason  i s  t h a t  
e q u i l i b r i u m  i s  reached on ly  a f t e r  an i n t e r c h a n g e  p roces s  in  which th e  
o x id iz e d  groups a r e  d i s t r i b u t e d  t o  e q u i l i b r i u m  along  t h e  c h a i n s ,  and 
t h u s  t h e  p roces s  i s  s low.
P o t e n t i o m e t r i c  t i t r a t i o n  curves  of  t h e  redox r e s i n s  g e n e r a l l y  
show h ig h e r  midpoin t  p o t e n t i a l s ,  Em, than  t h e  co r r e s p o n d in g  monomer
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u n i t s .  The s lo p e s  of  t h e  cu rves  show a s t e e p e r  i n c r e a s e  and sometimes 
t h e  cu rves  a r e  unsym m e tr ic a l . This  b e h a v io r  can be e x p la in e d  in  terms 
o f  i n f l u e n c e  of  i n d u c t i v e  e f f e c t ,  t h e  c om ple xa t ion ,  and t h e  s t e r i c  
e f f e c t  on t h e  p o t e n t i a l s  of  n e ighbo r ing  hydroqu in one-qu in one  
s y s t e m s .112,117  gorne examp i es  0f  redox polymers  wi th  redox p o t e n t i a l s  
a r e  l i s t e d  in  Table  5.
A v a r i e t y  of o x i d a n t s  and r e d u c t a n t s  were employed in o x i d a t i o n -  
r e d u c t io n  r e a c t i o n s  of  t h e  redox r e s i n s . 77 Bromine,  i o d i n e ,  
c e r i u m ( IV ) ,  i r o n ( I I I ) ,  and hydroyen pe rox ide  a r e  c o n s id e r e d  t h e  most 
e f f i c i e n t  o x i d a n t s .  Reduc t ion of  t h e  o x id iz e d  form may proceed wi th  
t i t a n i u m ( I I I ) , po tass ium i o d i d e ,  sodium s u l f i t e ,  sodium b i s u l f i t e ,  and 
sodium d i t h i o n i t e .  The a b o v e - c i t e d  o x i d a n t s  a r e  u se fu l  t i t r a n t s  in  
p o t e n t i o m e t r i c  t i t r a t i o n  of  s o lu b l e  po lymers .
I f  t h e  redox p r o p e r t i e s  of  a polymer a r e  t o  be de te rmined  
e l e c t r o c h e m i c a l l y ,  i t  would be d e s i r a b l e  t o  work in  aqueous media.  
Although p o l y ( 2 ,3 - d im e th o x y s t y r e n e )  and t h e  r e s t  of  t h e  polymers  could 
be d i s s o l v e d  in  g l a c i a l  a c e t i c  a c id  a f t e r  pro longed  t i m e ,  p o l y ( 3 -  
v i n y l c a t e c h o l ) ,  J 4 ,  proved t o  r e s i s t  s o l u b i l i t y  in  t h i s  s o l v e n t .  
However, l i k e  p o ly (v in y lh y d ro q u in o n e )  i t  could be r e a d i l y  d i s s o l v e d  in 
90 or  95% aqueous a c e t i c  a c i d .  T h e r e f o r e ,  90% a c e t i c  a c id  was t h e  
s o l v e n t  of cho ic e  in measur ing  t h e  redox p o t e n t i a l  of  under  i n e r t  
a tm osphere .  Moreover ,  e e r i e  ammonium n i t r a t e  in  90% a c e t i c  a c id  
(0.05N) was s e l e c t i v e l y  employed as  t i t r a n t  among t h e  o x i d a n t s  
ment ioned above .  Even though bromine w a te r  in  a c e t i c  a c id  has been 
t h e  most v e r s a t i l e  o x i d a n t ,  i t s  p o s s i b l e  r e a c t i o n  with c a te c h o l  u n i t s  
by e l e c t r o p h i l i c  s u b s t i t u t i o n  p reven ted  i t s  use in  our  s tu d y .  The 
g r e a t e s t  v a r i a t i o n s  in  m idpoin t  were found wi th  changes w i th  s o lv e n t
Table 5: Examples of Redox Polymers and Their Redox Potentials
Polymer support Redox u n it Em <V> Ref,
P o ly ( N-hydroxymethylacrylamide hydroquinone 0 .6 4 a 134
P o ly ( vinylhydroquinone) ti 0 .4 5 b 91
C e llu lo se n 0 .695 132
P o ly ( v in y la lc o h o l) ii 0 .706 133
Vinylhyd roquinone-male i  c anhydride copolymer " 0 .7 5 2 ° 135
P o ly (4 -v in y lc a te c h o l) c a tech o l 0 .6 7 3 ° 89
S tyren e-d iv in y lb en zen e  copolymer anthraquinone 0 .1 5d 78
ii 1-am lnoanthra-
quinone 0 .5 2 131
a b
C eric s u l fa t e  (0 .0922  N ), H2S04 (0 .5  N ), 25 °C5 Bromine (0 .1  N ), AcOH (9 0 # ) , 29 .7
e  d
C eric ammonium n itr a te  (0 .0 5  N ), AcOH (9 0 # ) , 25 C; E stim ation  based upon C lark 's
1 ^56v a lu es  fo r  the corresponding quinones.
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sys tems  as would be expe c te d  wi th  t h e  r e s u l t a n t  changes in t h e  l i q u i d  
j u n c t i o n  p o t e n t i a l s .  In our  work, t h e  pH change of t h e  polymer 
s o l u t i o n  (pH= 0.27 a t  23 °C) d u r in g  t h e  t i t r a t i o n  p roce s s  was very 
s m a l l ;  a t  t h e  end of  t h e  t i t r a t i o n ,  t h e  pH change was in  t h e  o rd e r  
of 0 . 5  s u g g e s t i n g  t h a t  t h e  c e r i c  s o l u t i o n  added t ended  t o  r en d e r  t h e  
system a b u f f e r .  C a s s id y 6* a l s o  observed a l i t t l e  change in  pH d u r in g  
t h e  t i t r a t i o n  of p o l y ( v i n y l h y d r o q u i n o n e ) .  On t h e  o t h e r  hand,  
n o t i c e a b l e  d i f f e r e n c e s  were observed  when we measured th e '  redox 
p o t e n t i a l s  o f  c a te c h o l  and p o l y ( 3 - v i n y l c a t e c h o l ) a t  two d i f f e r e n t  
t e m p e r a t u r e s ,  23 (room t e m p e r a t u r e )  and 35 °C.
At 23 °C, t h e  e s t a b l i s h m e n t  of  a s t a b l e  p o t e n t i a l  du r in g  t h e  
t i t r a t i o n  of  t h e  c a te c h o l  was observed w i t h in  a few m in u t e s .  The 
c o l o r  of  t h e  system changed from ye l low  t o  deep brown a t  50% 
o x i d a t i o n ,  and tu r n e d  ye l low  a t  t h e  end p o i n t .  This  ye l low  c o lo r  i s
i n d i c a t i v e  of  f u l l y  o x id iz e d  quinone sys tem .
With polymer s y s te m s ,  measurement o f  t h e  p o t e n t i a l  was w i th in  5
t o  10 mV, and t h e  e s t a b l i s h m e n t  of a c o n s t a n t  p o t e n t i a l  was always
slow.  This  s lowness  has been a common o b s e r v a t i o n  t o  s e v e r a l  
i n v e s t i g a t o r s  when d e a l i n g  with t h e  p o t e n t i o m e t r i c  t i t r a t i o n  of  redox 
polymers  a t  room t e m p e r a t u r e .  Cass idy**^  r e l a t e d  t h i s  be hav io r  t o  an 
i n t r a m o l e c u l a r  r e d i s t r i b u t i o n  of t h e  semiquinone i n t e r m e d i a t e s .
However, t h e  c o l o r a t i o n  change du r in g  t h e  t i t r a t i o n  was s i m i l a r  t o  
t h a t  o f  t h e  ca techo l  sys tem . The p in k -o ra n g e  c o l o r ,  observed with 
p o ly (v in y lh y d r o q u in o n e )  upon a d d i t i o n  of a t i t r a n t ,  was not  d e t e c t e d  
w i th  our  polymer;  Cass idy6 * r e p o r t e d  t h a t  t h e  c o l o r l e s s  s o l u t i o n  
became p in k -o ra n g e  wi th  t h e  f i r s t  drop of  o x id a n t  and t h e  p inkness  
became i n t e n s e  when approach in g  t h e  m i d p o i n t . ’ He a t t r i b u t e d  t h e  pink
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c o l o r  t o  semiquinone r a d i c a l  f o r m a t i o n .  Th is  c o l o r  was obse rved  with 
hydro lyzed  poly Z8, po ly  _29, and po ly  30^upon exposure  t o  a i r ,  but  t h e  
i n s o l u b i l i t y  of  t h e  f i r s t  two polymers  i n d i c a t e s  t h a t  t h e  semiquinone 
r a d i c a l  f o rm a t ion  i s  accompanied by d i m e r i z a t i o n .  The t i t r a t i o n  
cu rves  of  t h e  monomeric c a te c h o l  and t h e  p o l y ( 3 - v i n y l c a t e c h o l ) a t  23 
°C a re  shown in f i g u r e  27.  The midpoin t  p o t e n t i a l  of  t h e  c a te c h o l  was 
found t o  be 764 mV. That  of t h e  polymer was de te rmined  to  be 707 mV; 
t h e  m i d p o t e n t i a l  of  t h e  p a r t i a l l y  hydro lyzed  p o l y [ 2 - ( o - m e t h y l ) - 4 -  
v i n y l c a t e c h o l ) ]  was r e p o r t e d  t o  be 724 mV under  t h e  same 
c o n d i t i o n s .® ^  Even though t h e  shapes of  t h e s e  cu rves  a r e  t y p i c a l  
redox t i t r a t i o n  c u r v e s ,  t h e  experimenta l  d a ta  of  both redox systems do 
not  f i t  t h e  Nernst  e q u a t i o n  (eq .  2 6 ) ,  and t h i s  d e p a r t u r e  i s  even more 
pronounced in  t h e  polymer c a s e .  For t h i s  l a t t e r ,  t h e  d a ta  would not  
match t h e  Nernst  e q u a t i o n  due t o  t h e  p o s s i b l e  f a i l u r e  t o  meet one or  
more of  t h e  e i g h t  c o n d i t i o n s  p o s t u l a t e d  by C la rk .
P o t e n t i o m e t r i c  t i t r a t i o n  cu rves  of  redox r e s i n s  were r e p o r t e d  t o  
show h ig h e r  midpoint  p o t e n t i a l s ,  Em, than  t h e  monomer u n i t s .  For 
example,  Nakabayashi e t  a l . 7® r e p o r t e d  t h a t  t h e  m idpoin t  p o t e n t i a l s  of  
hydroqu inone polymers were h i g h e r  than  t h o s e  of monomeric hydroquinone  
d e r i v a t i v e s .  Iwabuchi*®® a l s o  observed  t h a t  t h e  m id po in t  p o t e n t i a l  of  
1 :1  v i n y lh y d r o q u in o n e - m a le i c  anhydr ide  copolymer was abou t  30 mV 
h i g h e r  than  t h o s e  of  hydroquinone  and v in y lh y d ro q u in o n e .  The 
r e l a t i v e l y  high p o t e n t i a l s  of t h e  redox polymers i s  b e l i e v e d  to  be 
a s s o c i a t e d  with "po lymeric  e f f e c t "  f a c t o r s ;  t h e  o x id iz e d  form of  t h e  
redox r e s i n  t e n d s  t o  adhere  t o  t h e  i n d i c a t o r  e l e c t r o d e ,  t h e r e f o r e  t h e  
p o t e n t i a l  w i l l  r a i s e .  In our  s t u d y ,  we observed  t h a t  t h e  m idpoin t  
p o t e n t i a l  of t h e  p o l y ( 3 - v in y l  c a t e c h o l ) was lower than  t h a t  of  t h e
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Figure 27: P o ten tio m etr ic  t i t r a t i o n  curves a t  23 °C: 
o , c a te c h o l;  A  , p o ly (3 -v in y lc a te c h o l) .
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monomeric ca techo l  s u g g e s t i n g  a " r e v e r s e  po lymer ic  e f f e c t " .  This  
e f f e c t  could be g e n e ra te d  from t h e  n o n - a d s o r p t i o n  of  t h e  o x i d i z e d  
p roduc t  on t h e  e l e c t r o d e  due t o  i t s  s low p r e c i p i t a t i o n .  However, a 
po lymer ic  e f f e c t  f a c t o r  s t i l l  m a n i f e s t e d  i t s e l f  on t h e  r a t e  o f  
e s t a b l i s h m e n t  of  a c o n s t a n t  p o t e n t i a l  va lue  as  d i s c u s s e d  e a r l i e r .
To de te rm ine  t h e  e f f e c t  of  t e m p e r a t u r e  on t h e  midpoin t  p o t e n t i a l s  
of  our  sy s te m s ,  p o t e n t i o m e t r i c  t i t r a t i o n s  were conducted a t  e l e v a t e d  
t e m p e r a t u r e ,  35 °C. Not only t h e  midpoint  p o t e n t i a l s  v a r i e d ,  but  a l s o  
t h e  shapes  of  t h e  cu rv e s  and t h e  cou rse  of t h e  t i t r a t i o n s  changed.  
S u r p r i s i n g l y ,  t h e  e s t a b l i s h m e n t  of a s t a b l e  p o t e n t i a l  in  t h e  t i t r a t i o n  
of t h e  c a te c h o l  was very s low t h i s  t i m e ,  w h i le  t h a t  of t h e  polymer was 
r a p id  b e fo re  r ea c h in g  t h e  e q u iv a l e n c e  p o i n t .  Moreover ,  t h e  p o t e n t i a l s  
of  t h e  redox polymer a f t e r  t h e  endpoin t  s t a r t e d  t o  d r i f t  and were more 
or  l e s s  s t a b l e  only a f t e r  about  one hou r .  The t i t r a t i o n  cu rves  of t h e  
c a te c ho l  and t h e  polymer a t  35 °C a re  shown in f i g u r e  28.  The 
t i t r a t i o n  curve  of  t h e  c a te c h o l  system e x h i b i t s  two e q u iv a l e n c e  p o i n t s  
i n d i c a t i v e  of  i n t e r m e d i a t e  semiquinone r a d i c a l  f o r m a t i o n .
Conse que n t ly ,  two m idpoin t  p o t e n t i a l s  c o r r e s p o n d in g  t o  two o x i d a t i o n  
r e a c t i o n s  could be deduced and they  a r e  432 and 870 mV. The o t h e r  
un ique  f e a t u r e  of  t h i s  t i t r a t i o n  a t  t h i s  t e m p e ra t u re  l i e s  in  t h e  
c o l o r a t i o n  change of t h e  system; t h e  c a te c ho l  s o l u t i o n  had been 
c o l o r l e s s  upon a d d i t i o n  of  c e r i c  ammonium n i t r a t e  s o l u t i o n  t i l l  t h e  
second endpo in t  where a y e l lo w  c o lo r  began t o  a p p e a r .
The t i t r a t i o n  of p o l y ( 3 - v i n y l  c a t e c h o l ) a t  35 °C showed some 
s i m i l a r i t y  t o  t h a t  a t  23 °C in terms of  c o lo r  change.  However, t h e  
shape of t h e  f i r s t  h a l f  of t h e  curve  was unus u a l ly  f l a t .  The f l a t n e s s  
of  t h i s  p o r t i o n  of  t h e  curve  and t h e  low p o t e n t i a l s  measured s u g g e s t
150
t h a t  i n i t i a l  complexa t ion  of  t h e  ce rous  ion by a c a t e c h o l  group 
becomes more r e a d i l y  r e v e r s i b l e ;  s t a b l e  complex would t e n d  t o  r a i s e  
t h e  p o t e n t i a l ,  be cause  i t  r e q u i r e s  more work t o  d i s s o c i a t e  t h e  complex 
group .
Two phenomena a r e  l i k e l y  t o  occur  s im u l t a n e o u s l y  du r ing  t h e  
t i t r a t i o n  of  p o l y ( 3 - v i n y l  c a t e c h o l ) :
1) An o x i d a t io n  r e a c t i o n  which t e n d s  t o  r a i s e  t h e  p o t e n t i a l s ,  t h u s  an 
upward curve  would be e xpec ted  and
2) A p r e c i p i t a t i o n  of  p o l y ( o - b e n z o q u i n o n e ) , ox id iz e d  
p o l y ( 3 - v i n y l c a t e c h o l ) ,  which t e n d s  t o  reduce t h e  p o t e n t i a l s ,  hence a 
downward curve  would r e s u l t .  Th is  p r e c i p i t a t i o n  would imply t h e  
f o rm a t ion  of  n u c l e a t i n g  m i c e l l e s  which w i l l  withdraw t h e  o x id iz e d  
u n i t s  from t h e  p a r t i c i p a t i o n  in  t h e  e q u i l i b r i u m .  C o n s e q u e n t ly ,  t h e  
sum of  t h e s e  two curves  would r e s u l t  in  a f l a t t e n e d  c u r v e .  Indeed ,  
t h i s  f l a t n e s s  i s  observed f o r  both expe r im en ta l  c o n d i t i o n s ,  i . e . ,  23 
and 35 °C. Moreover ,  a downward d r i f t  in p o t e n t i a l s  i s  v i s i b l e  a t  t h e  
end of t h e  t i t r a t i o n  in  both c a s e s  and t h i s  could be t h e  r e s u l t  of 
only t h e  p r e c i p i t a t i o n  phenomenon; no o x i d a t i o n  r e a c t i o n  i s  t a k i n g  
p lace  a t  t h i s  s t a g e .  The d r i f t i n g  p o t e n t i a l s  a t  t h i s  l e v e l  of 
t i t r a t i o n  were a l s o  obse rved  by Cassidy®* d u r in g  t h e  t i t r a t i o n  of  
p o l y ( v i n y lh y d r o q u in o n e ) .  However, a t  t h e  end of  t h e  t i t r a t i o n  of 
c a te c h o l  in both c o n d i t i o n s ,  t h e  cu rves  show a p l a t e a u .  This  would be 
e xpec ted  because  t h e  jo^benzoquinone ,  o x i d i z e d  c a t e c h o l ,  remained 
s o l u b l e  i n  t h e  a c i d i c  medium, t h u s  t h e  p r e c i p i t a t i o n  phenomenon i s  not  
o b s e rv e d ;  t h e r e f o r e ,  a c o n s t a n t  p o t e n t i a l  i s  d e t e c t e d  a f t e r w a r d s .
A lso,  i t  can be noted t h a t  only o x i d a t i o n  oc c u r r e d  in  t h e  f i r s t  s t a g e  
of  t i t r a t i o n  of ca techo l  f o r  both c o n d i t i o n s ;  t h i s  i s  i l l u s t r a t e d  by
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F igure 28: P o ten tio m etr ic  t i t r a t i o n  curves a t  35 °C: 
o , c a t e c h o l ; A » p o ly (3 -v in y lc a te c h o l) .
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t h e  upward shapes of  t h e  f i r s t  p o r t i o n s  o f  t i t r a t i o n  curves  of  
c a te c ho l  ( F ig .  27 and 2 8 ) .
On t h e  o t h e r  hand,  t h e  lower p o t e n t i a l s  measured a t  35 °C f o r  
both systems cou ld  be r e l a t e d  t o  t h e  energy  s u p p l i e d  t o  t h e  sys tem.
Hydroyen bonds, which e x i s t  between t h e  ca techo l  f u n c t i o n a l i t y  and t h e  
c a r b o x y l i c  groups of  a c e t i c  a c i d ,  must be broken in  o r d e r  t o  a b s t r a c t  
e l e c t r o n s ;  he nc e ,  h igh p o t e n t i a l s  would be o b s e rv e d .  However, t h e s e  
bonds could be broken by supp ly ing  energy t o  t h e  system and lower 
p o t e n t i a l s  would be e x p e c t e d .  In f a c t ,  lower  p o t e n t i a l s  were measured 
a t  e l e v a t e d  t e m p e r a t u r e  (35 °C) ,  where hydrogen bonding i s  weaker .
Because p o l y ( 4 - v i n y l c a t e c h o l ) was i n s o l u b l e  due t o  t h e  r ap id  
d i m e r i z a t i o n  d i s c u s s e d  e a r l i e r ,  we were unab le  t o  e v a l u a t e  i t s  redox 
p o t e n t i a l s  by con v e n t io n a l  p ro c e d u r e ;  f o r  example ,  measurement  of 
redox p o t e n t i a l s  in  90% a c e t i c  a c i d .  We p rec lu d ed  a he te rogeneous  
t i t r a t i o n  because  a c o n fu s in g  measurement of  t h e  p o t e n t i a l  w i l l  ensue 
owing t o  t h e  e f f e c t i v e  a d s o r p t i o n  of polymer on t h e  e l e c t r o d e ;  a 
h i g h e r  p o t e n t i a l  w i l l  be measured .  M a n e c k e ^ 3 and Iwabuchi80 examined 
t h e  redox p o t e n t i a l s  of some i n s o l u b l e  redox r e s i n s  employing 
hydrazobenzene  as  a m e d i a t o r .  This  s o l u b l e  m ed ia to r  may be added only 
in  a small amount and shou ld  have a s t a n d a r d  p o t e n t i a l  s i m i l a r  t o  t h e  
polymer i n  conc ern .  T h e o r e t i c a l l y ,  t h e  redox p o t e n t i a l s  of  t h e  
m ed ia to r  and t h e  polymer would be equal when an e q u i l i b r i u m  i s  
e s t a b l i s h e d  between them. In our  s t u d y ,  we f u r t h e r  p rec lu d ed  th e  use 
of  hydrazobenzene as  a m e d ia to r  because we a n t i c i p a t e d  t h a t  a complex 
fo rm a t ion  of  type  _35^may form between azobenzene and t h e  ca te cho l  
u n i t ;  m a c r o r e t i c u l a r  r e s i n  c o n t a i n i n g  c a te c h o l  system was r e p o r t e d  t o  
complex with azobenzene as  ev idenced  by t h e  c o l o r a t i o n  of  t h e  r e s i n
upon t h e  a d d i t i o n  of t h i s  m ed ia to r .® 0 In a d d i t i o n ,  o t h e r  a n a l y t i c a l  
a l t e r n a t i v e  methods t o  d e te rm in e  t h e  redox p r o p e r t i e s  always r e q u i r e  
t h e  experiment  t o  proceed in  a homogeneous sys tem . Thus,  t h e  redox 
p o t e n t i a l  o f  p o l y ( 4 - v i n y l c a t e c h o l ) was not  measured .  N o n e th e le s s ,  t h e  
m id po in t  p o t e n t i a l  would be a n t i c i p a t e d  t o  be c l o s e r  t o  t h a t  of 
p o l y ( 3 - v i n y l c a t e c h o l ) .
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I t  i s  c l e a r  t h a t  t h e  t i t r a t i o n s  of t h e  c a t e c h o l ,  a model 
compound, and p o l y ( v i n y l c a t e c h o l s )  were somewhat s i m i l a r .  The 
c l o s e n e s s  in t h e i r  m id po in t  p o t e n t i a l s ,  764 and 707 mV r e s p e c t i v e l y ,  
i n d i c a t e s  t h a t  t h e  polymer-bound c a te c ho l  shou ld  e x h i b i t  s i m i l a r  
a c t i v i t y  as  a redox a g e n t .
EXPERIMENTAL METHODS
A. General  In fo rm a t ion
Reagents  All r e a g e n t s  used in  t h e  exper imen ts  were e i t h e r  commercial 
grade  o r  were s y n t h e s i z e d  as d e s c r i b e d  below.  Reagent  grade s o l v e n t s  
were p u r i f i e d  when n e c e s s a r y  employing one of  t h e  methods d e s c r i b e d  in 
" P u r i f i c a t i o n  of Labora to ry  C h e m i c a l s " . ^ °
Sodium n a p h th a ! id e  A 250 mL f lame d r i e d  t h r e e - n e c k e d  round bot tomed 
f l a s k  equipped  wi th  magnet ic  s t i r r e r ,  was charged  with 1.5 g (1 .7  
mmol) of  98% subl imed n a p h t h a l e n e ,  50 mL of  t e t r a h y d r o f u r a n  r e f l u x e d  
over  ca lc iu m  hyd r ide  f o r  8 h b e fo r e  u s e ,  and 2 g of  sodium metal  cu t  
i n t o  small  p i e c e s .  The f l a s k  was s e a l e d  wi th  rubber  s e p t a  a f t e r  
pu rg in g  t h e  m ix tu re  with a s t r eam  of  dry n i t r o g e n .  A f t e r  1 h of  
s t i r r i n g  a t  room t e m p e r a t u r e ,  t h e  m ix tu re  t u r n e d  dark g ree n ,  an 
i n d i c a t i o n  of  t h e  fo rm a t io n  of  sodium n a p h t h a l i d e  i n i t i a t o r .
S ty re n e  was p u r i f i e d  by washing t h r e e  t im es  wi th  equal  a l i q u o t s  of  10% 
sodium hydrox ide  t o  remove t h e  a rom a t ic  i n h i b i t o r ,  hydroqu inone ,  then  
washed wi th  d i s t i l l e d  w a te r  u n t i l  l i tm us  paper  showed t h a t  a l l  base 
has been n e u t r a l i z e d .  The monomer was then  d r i e d  over  anhydrous 
ca lc iu m  c h l o r i d e  f o r  4 h and d i s t i l l e d  under  n i t r o g e n  a t  20 mm and 
43 °C.
Methyl m e t h a c r y l a t e  was e x t r a c t e d  tw ice  with equal  p o r t i o n s  of  10% 
sodium h y d ro x id e ,  washed t h r e e  t im es  with d i s t i l l e d  w a te r  u n t i l  l i tm us  
p ape r  i n d i c a t e s  t h e  absence  of  a b a s e .  The monomer was d r i e d  over  
ca lc ium c h l o r i d e  and d i s t i l l e d  under  n i t r o g e n  a t  60 mm and 33-35 °C.
I n f r a r e d  s p e c t r a  were r ecorded  wi th  a Perk in  Elmer 621 ( l i q u i d s )  
and IBM FT-IR (KBr p e l l e t s  of  po lymers)  s p e c t r o p h o to m e t e r s .  Nuc lear
1 5 ^
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magnet ic  r esonance  s p e c t r a  were recorded  wi th  a Varian A s s o c i a t e s  
HA60, a Bruker  WP200 o r  an IBM NR100 s p e c t r o m e t e r .  Mass s p e c t r a  were 
t a k e n  on a Hewlet t  5985 GC/MS o p e r a t i n g  a t  70 eV. M e l t ing  p o i n t s  were 
de te rmined  e i t h e r  wi th  a F i s h e r - J o h n s  o r  an E l e c t ro th e rm a l  Melt ing  
P o in t  Appa ra tu s .
V i s c o s i t y  measurements were c a r r i e d  out  wi th  a 50M45 Cannon 
Ubbelohde Viscometer  u s ing  t o l u e n e  or  benzene as s o l v e n t .
D i l a t o m e t r i c  s t u d i e s  were performed u s ing  a d i l a t o m e t e r  c o n s t r u c t e d  
from a 10 mL t e s t  t u b e  which was connected by a ground g l a s s  j o i n t  t o  
a 30 mL l e n g t h  of  1 mm t r u b o r e  c a p i l l a r y  t u b in g  c a l i b r a t e d  in 
m i l l i m e t e r s .  P o t e n t i o m e t r i c  t i t r a t i o n s  were conducted u s ing  a PH64 
Research  pH Meter ;  a p l a t i n i u m  working e l e c t r o d e  (a 20 mm x 2 mm 
p la t inum  metal  s e a l e d  t o  one end of a 10 mm g l a s s  t u b e ;  t h e  conduc t ion  
was provided  by an i r o n  wi re  immersed i n t o  a mercury l a y e r  in t h e  
t u b e )  was coupled wi th  a calomel  r e f e r e n c e  e l e c t r o d e .
Elemental  a n a ly s e s  were performed e i t h e r  by G a l b ra i t h  
L a b o r a t o r i e s ,  K n o x v i l l e ,  Tennessee ,  o r  by MicAnal Organic  
M i c r o a n a l y s i s ,  Tuscon,  Ar izona .  D i f f e r e n t i a l  thermal  a n a l y s i s  (DTA) 
cu rves  were r ecorded  wi th  a DuPont 900 Thermal Analyzer  and thermal  
g rav im e t ry  a n a l y s i s  (TGA) curves wi th  a DuPont 951 Thermograv imet r ic  
Analyzer  a t t a c h e d  t o  t h e  DTA u n i t .
B. Syn theses  of Monomers
Four  d i f f e r e n t  approaches  t o  t h e  s y n t h e s i s  of  monomeric c a te c ho l  
p r e c u r s o r s  were e x p l o r e d .  The gene ra l  t e c h n i q u e s  a r e  d e s c r i b e d  us ing  
5 - v i n y l - l , 3 - b e n z o d i o x o l e ,  2 8 , as  an example;  t h e  co r r e s p o n d in g  r e s u l t s  
from a p p l i c a t i o n  of t h e  methods t o  t h e  remaining monomers a r e
Enumeration o f Compounds
f a
R3 X
Rg Rj -HOCHCHj - ch2c i - ch2.p03c i - ch=ch2
H -0-CH2-0 - 38 45 48 28
H -OCH3 -OCH3 39 46 49 29
- och3 - och3 h 40 47 50 30
H -0-CH2-CH2- 0 - 41 - - 31
- o- ch2- o-  h 42 - - 32
- och3 h h 43 - - 36
H H -OCH3 44 - - 37
VJ1
o\
Enumeration of Polymers .ch2-ch^ch2*
R-j R2 R^ Br CN
. . . .  .
0
-------------------------------
5) - ch2nh2 - ch2ci -Si(CH^)^ -SO^NMe^
H -0-CH2- 0 - 51 56 - - - 68 -
H -OCH5 -OCH5 52 57 59 63 - - 71
-OCHj -OCHj H 53 58 60 64 - 69 72
H -0-CH2CH2- 0 - 54 - 61 65 67 70 73
- o- ch2- o-  h 55 - 62 66 - - 75
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summarized in  Table  6 .
Method A; Dehydra t ion of  5 - ( I 1- h y d r o x y e t h y l ) - l , 3 - b e n z o d i o x o l e ,  38:
a .  P r e p a r a t i o n  of  a -p h e n y l e t h y l  a l c o h o l ,  38 : To a 1000 mL round 
bot tomed f l a s k  f i t t e d  wi th  a C l a i s e n  a d a p t e r ,  a r e f l u x  c o n d e n se r ,  a
n i t r o g e n  i n l e t - o u t l e t ,  a d ropp ing  f u n n e l ,  and a magne t ic  s t i r r e r ,  and
c o n t a i n i n g  7 g (0 .29  mol) of  f lame d r i e d  magnesium t u r n i n g s ,  a 
s o l u t i o n  of 20 mL (0 .32  mol) of  iodomethane in  150 mL of  anhydrous 
e t h e r  was added dropwise t o  p r e p a r e  methyl magnesium i o d i d e .  As soon 
as t h e  m ix tu re  began t o  r e f l u x  v i g o r o u s l y ,  an i c e  bath was p rov ided  t o  
minimize t h e  e scape  of e t h e r  and methyl i o d i d e .  When bubb l in g  ceased
and t h e  m ix tu re  t u rn e d  g r e y ,  a s o l u t i o n  of  20 g (0 .13  mol) of
p ipe rona l  in 200 mL of  e t h e r  was s lowly dropped i n t o  t h e  Gr ignard  
s o l u t i o n ;  a ye l l ow  p r e c i p i t a t e  s t a r t e d  t o  form.  A f t e r  t h e  p ipe rona l  
s o l u t i o n  was added ,  t h e  m ix tu re  was r e f l u x e d  f o r  0 .5  h under  
n i t r o g e n .  The f l a s k  was coo led  t o  room t e m p e r a t u r e ,  then  was immersed 
i n t o  i c e  bath  b e fo re  e i t h e r  100 mL of  10% h y d r o c h l o r i c  a c id  or  100 mL 
of  5% ammonium c h l o r i d e  was added t o  decompose t h e  Gr ignard  complex 
and l i b e r a t e  t h e  a l c o h o l .  The e t h e r a t e  l a y e r  was s e p a r a t e d ,  washed 
wi th  5% sodium b i c a r b o n a t e ,  and f i n a l l y  washed wi th  wa te r  u n t i l  pH 
n e u t r a l .  A f t e r  d ry in g  over  anhydrous ca lc ium c h l o r i d e  f o r  8 h ,  t h e  
e t h e r  was evapo ra ted  under  reduced  p r e s s u r e  t o  a f f o r d  19.15 g ,  86.5%, 
of red o i l y  a l c o h o l ,  38. Yields  and NMR s p e c t r a  of t h e  d i f f e r e n t  
o -phene thy l  a l c o h o l s  p rep a re d  by t h i s  p rocedu re  a r e  shown in  Tab le  8.
b .  Dehydra t ion of 5 - ( l ' - h y d r o x y e t h y l ) - l , 3 - b e n z o d i o x o l e ,  38: A 50 
mL round bot tomed f l a s k  c o n t a i n i n g  5 g of  _38, 0 .2  g of  po tass ium  
b i s u l f a t e ,  and 0 .2  g of  cuprous  c h l o r i d e ,  and equipped with a vacuum 
d i s t i l l a t i o n  head ,  was immersed in  an o i l  ba th  s e t  a t  180-190 °C. The
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p r e s s u r e  was g r a d u a l l y  reduced  u n t i l  d i s t i l l a t i o n  of  28^began .  A 
c o l o r l e s s  o i l ,  2 .8  g , 63%, was c o l l e c t e d  a t  95-96 °C/b mm. Thin l a y e r  
chromatography (hexane as e l u e n t )  showed one component ,  5 - v i n y l - 1 , 3 -  
b e n z o d ix o l e ,  28,  o n l y .  The o t h e r  crude  monomer d i s t i l l a t e s  were each 
passed  th rough  a s i l i c a  gel column ( 100-200 mesh, hexane as e l u e n t )  t o  
y i e l d  t h e  pure  monomers. I s o l a t e d  y i e l d s  and s p e c t r a l  d a t a ,  Hi NMR
and IR, f o r  each of  t h e  monomers a r e  r e p o r t e d  in Table  7.
Method B: D e c a rboxy la t ion  of  3 ,4 -m e thy lened ioxyc innam ic  a c i d :
Copper powder , 1 g ,  was p laced  i n t o  a 250 mL t h r e e - n e c k e d  round 
bottomed f l a s k  equ ipped  wi th  a vacuum head,  a dropp ing  f u n n e l ,  and a
the rm om ete r .  The f l a s k  was h ea ted  f o r  15 min a t  225-230 °C. A
s o l u t i o n  of  5 g (0 .026 mol) of 3 , 4 -m e thy lened ioxyc innam ic  a c id  (99% 
t r a n s )  and 0 .1  g of  hydroquinone  in  70 mL of  q u i n o l i n e  was added 
dropwise in  a 15 min p e r i o d .  When gas e v o l u t i o n  c e a s e d ,  t h e  c o n te n t  
of  t h e  f l a s k  was d i s t i l l e d  under  reduced p r e s s u r e  a t  110-130 °C. The 
brown ye l lo w  d i s t i l l a t e  was d i l u t e d  with 50 mL of  anhydrous e t h e r ,  
t h e n  poured i n t o  100 g of  crushed  i c e .  The q u i n o l i n e  component was 
n e u t r a l i z e d  wi th  40 mL of  3 N s u l f u r i c  a c i d ,  t h e  e t h e r a t e  l a y e r  
s e p a r a t e d ,  e x t r a c t e d  w i th  w a t e r ,  and d r i e d  over  ca lc ium  c h l o r i d e .  
Evapora t io n  of t h e  e t h e r  under  reduced p r e s s u r e  and passage  of  t h e  
r e s i d u e  th rough  a s i l i c a  gel column ( 100-200 mesh, hexane as  e l u e n t )  
a f f o r d e d  0 .32  g,  8.3%, of  monomer 28.
Method C: W i t t i g  m e th e n a t io n  of  p ip e ro n a l
A 500 mL t h r e e - n e c k e d  round bot tomed f l a s k  equipped  wi th  a 
mechanical s t i r r e r ,  a d ropp ing  f u n n e l ,  and a condense r  wi th  a n i t r o g e n  
i n l e t - o u t l e t ,  was cha rged wi th  18 g (0 .05  mol) of  98% m e t h y l t r i p h e n y 1-  
phosphonium bromide suspended in 100 mL of anhydrous e t h e r .  Slow
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a d d i t i o n  of  20 mL of butyl  l i t h i u m  (0 .05  mol,  2 .6  M in hexane)  was 
accompanied by fo rm a t ion  of  a ye l lo w  orange c o lo re d  s o l u t i o n ;  t h e  s a l t  
d i s s o l v e d  com ple te ly .  A f t e r  s t i r r i n g  t h e  y l i d e  f o r  4 h a t  room 
t e m p e r a t u r e ,  a s o l u t i o n  of  7 .5  g (0 .05  mol) of  p ip e ro n a l  in  20 mL of  
e t h e r  was added over  a 20 min p e r i o d .  A ye l lo w  w h i te  p r e c i p i t a t e  
appeared almost  im m edia te ly ,  t h e  m ix tu re  was al lowed  t o  s t i r  o v e rn ig h t  
a t  40-45 °C. A f t e r  c o o l in g  t h e  f l a s k  t o  25 °C, t h e  s l u r r y  was d i l u t e d  
wi th  100 mL of e t h e r  and f i l t e r e d ,  t h e  e t h e r  f i l t r a t e  was washed tw ice  
wi th  water  and d r i e d  over  ca lc iu m  c h l o r i d e  f o r  4 h . E va p o ra t io n  of 
t h e  e t h e r  under  reduced p r e s s u r e  y i e l d e d  3 .4  g of  crude  p r o d u c t .  
Passage of  t h e  crude  monomer th rough  a s i l i c a  gel column (100-200 
mesh, hexane as e l u e n t )  a f f o r d e d  2 .5  g,  33.8%, of  pure monomer 28.
Method D: W i t t i g  r e a c t i o n  of benzyl  s u b s t i t u t e d  y l i d e s  with 
formaldehyde
a .  P r e p a r a t i o n  of  3 ,4 -methy lened io xybenzy l  c h l o r i d e ,  4 5 :
1. With t h io n y l  c h l o r i d e ,  SOClg: P iperona l  a l c o h o l ,  15 g
(0 .048  m ol) ,  was charged  i n t o  a 250 mL round bot tomed f l a s k  equ ipped  
wi th  an e f f i c i e n t  c o o l i n g  sys tem. Care fu l  a d d i t i o n  of  17.6 g (0 .148  
mol,  50% e x c es s )  of  t h io n y l  c h l o r i d e  was accompanied by v igo rous  
e v o l u t i o n  of  hydrogen c h l o r i d e  and s u l f u r  d io x id e  g a s e s ;  a g r e e n i s h  
c o l o r  appeared .  When gas e v o l u t i o n  c e a s e d ,  t h e  f l a s k  was f i t t e d  with 
a condenser  and th e  m ix tu re  was r e f l u x e d  f o r  3 h a t  60-70 °C. 
Evapora t io n  of  t h e  exces s  t h io n y l  c h l o r i d e  was e f f e c t e d  by r a i s i n g  t h e  
pot  t e m p e ra tu re  t o  85-90 °C f o r  1 h .  D i s t i l l a t i o n  of  t h e  red r e s i d u e  
under  reduced p r e s s u r e  y i e l d e d  15 g,  89.2%, of  c o l o r l e s s  3 , 4 -  
methylenedioxybenzyl  c h l o r i d e ,  45 ,  bp 92-95 °C/2 mm. Y ie ld s  and 
s p e c t r a l  d a ta  of t h e  t h r e e  benzyl c h l o r i d e  d e r i v a t i v e s  s y n t h e s i z e d  by
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t h i s  t e c h n i q u e  are  summarized in Table 9.
2. With h y d r o c h l o r i c  a c i d ,  HC1: To a s o l u t i o n  of  10 g 
(0.0657 mol) of  p ipe rony l  a lc oho l  in  25-30 mL of methylene d i c h l o r i d e  
in  a 250 mL round bot tomed f l a s k ,  6 mL of c o n c e n t r a t e d  h y d r o c h l o r i c  
a c id  and two drops of c o n c e n t r a t e d  s u l f u r i c  a c id  were added .  The 
f l a s k  was t h e n  equipped wi th  a condense r  and t h e  m ix tu re  was r e f l u x e d  
f o r  3 h a t  55 °C. A f t e r  c o o l in g  th e  system t o  25 °C, t h e  g r e e n i s h  
o r g a n ic  l a y e r  was e x t r a c t e d  and washed with w a t e r ,  t hen  with 5% sodium 
b i c a r b o n a t e ,  and f i n a l l y  wi th  w a te r  t o  pH n e u t r a l .  A f t e r  d ry in g  over  
anhydrous ca lc iu m  c h l o r i d e ,  t h e  d ich lo rom e thane  was ev a p o ra te d  under 
reduced p r e s s u r e .  Vacuum d i s t i l l a t i o n  gave 6 g,  53.64%, of  c o l o r l e s s
3 ,4 -m e thy lened ioxybenzy l  c h l o r i d e ,  bp 92-95 °C/ 2 mm.
b.  P r e p a r a t i o n  of 3 ,4 -m e thy lened ioxybenzy l t r ipheny lphosphon ium  
c h l o r i d e ,  48: A s o l u t i o n  of  10 g (0 .06  mol) and 15.5 g (0 .059 mol) of 
99% t r i p h e n y l p h o s h i n e  in 60-70 mL of  ch lo ro fo rm  was r e f lu x e d  in  a 250 
mL round bot tomed f l a s k  equipped  with a c onde nse r .  A f t e r  c o o l in g  t h e  
m ix tu re  t o  room t e m p e r a t u r e ,  t h e  w h i te  c h l o r i d e  s a l t ,  48 ,^ was 
p r e c i p i t a t e d  in 600 mL of  anhydrous e t h e r ,  and d r i e d  i n  vacuo f o r  2 
days a t  40 °C t o  y i e l d  25 .3  g,  100%, of  t h e  d e s i r e d  p r o d u c t ,  mp 220- 
230 °C. Y i e l d s ,  m e l t i n g  p o i n t s  and mass s p e c t r a  of  t h e  d i f f e r e n t  
benzylphosphoniurn c h l o r i d e  s a l t s  a r e  compiled in  Table  9 .
c .  P r e p a r a t i o n  of  5 - v i n y l - 1 , 3 - b e n z o d i o x o l e ,  28 : In a 250 mL
Erlenmeyer  f l a s k  equipped  wi th  magne t ic  s t i r r e r ,  15 g (0 .035  mol) of 
phosphoniurn c h l o r i d e  s a l t ,  4 8 ,  was suspended in  150 mL of  37% 
formaldehyde  and 20 mL of  50% sodium hydrox ide  was added d ropwise .
The exo the rm ic  r e a c t i o n  r a i s e d  t h e  t e m p e ra t u re  of t h e  milky m ix tu re  t o  
44 °C. S t i r r i n g  was con t inued  f o r  5 h a t  t h e  t e m p e ra t u re  of  t h e
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m ix tu re  b e f o r e  t h e  monomer was e x t r a c t e d  with two 50 mL p o r t i o n s  of 
e t h e r .  The e t h e r  e x t r a c t  was d r i e d  over  ca lc ium c h l o r i d e  f o r  4 h .
A f t e r  e v a p o ra t i o n  of  t h e  s o lv e n t  under reduced p r e s s u r e ,  t h e  r e s i d u e  
was passed th rough  a s i l i c a  gel column ( 100-200 mesh, hexane as  
e l u e n t )  t o  a f f o r d  2 g,  38.9%, of  pure monomer, 28.
C. S y n t h e s i s  of  2 ,3 -M ethy lened io xybenza ld ehyde
Method 1: McLean-Mhelan's method: ^ *  In a 2000 mL t h r e e - n e c k e d  
round bot tomed f l a s k  f i t t e d  with a r e f l u x  c o n d e n se r ,  a mechanical 
s t i r r e r ,  and a g l a s s  s t o p p e r ,  a m ix tu re  of  25 g (181.25 mmol) of 2 , 3 -  
d ihyd roxybenza ldehyde ,  75 g (545 mmol) of  po tass ium  c a r b o n a t e ,  78.5 g 
(292 .5 mmol) of  d i iodom etha ne ,  2 .6  g of c u p r i c  oxide and 215 mL of  
dimethylformamide  was hea ted  t o  100-110 °C under  n i t r o g e n  and s t i r r e d  
v ig o ro u s ly  f o r  3 .5  h .  A f t e r  a l low ing  t h e  m ix tu re  t o  cool t o  room 
t e m p e ra t u re  o v e r n i g h t ,  1000 mL of w a te r  was added and t h e  s o l u t i o n  was 
e x t r a c t e d  with two 750 mL a l i q u o t s  of e t h e r .  The e t h e r  e x t r a c t  was 
washed s e q u e n t i a l l y  with 5% h y d r o c h l o r i c  a c id  and w a t e r ,  d r i e d  over  
ca lc ium c h l o r i d e ,  and t h e  e t h e r  was ev a p o ra te d  t o  y i e l d  28.9 g of  red 
o i l  which c r y s t a l l i z e d  upon r e f r i g e r a t i o n .  Proton MR re v e a l e d  a 
m ix tu re  of  3 ,4 -m e thy le ne d ioxybe nz a lde hyde ,  6 .2 5 6 ,  s ,  2H, -0CH?0 - ,  and 
d i iodom etha ne ,  46 ,  s ,  A f t e r  c o r r e c t i n g  f o r  t h e  d i iodom ethane
c o n t e n t ,  59% of t h e  d e s i r e d  p roduct  was o b t a i n e d ,  mp 27-30 °C, mass 
s p e c t r a :  149(100) ,  1 2 2 ( 9 0 .4 ) ,  1 3 5 ( 6 8 .2 ) ,  1 3 6 ( 5 4 .2 ) ,  1 5 0 ( 1 .9 ) .
Method 2: M i l l e r ' s  method:**^ A m ix tu re  of  7 .6  g (0 .05  mol) of 
cesium f l u o r i d e  and 1.66 g (0.012 mol) of  2 ,3 -d ihyd roxybenza ldehyde  
was shaken in  32 mL of  dimethylformamide  f o r  20 min.  The cesium 
f l u o r i d e  was not  com ple te ly  d i s s o l v e d  in  t h i s  sys tem , even a f t e r
163
shak in g  f o r  a long p e r i o d  of  t i m e .  A f t e r  a d d i t i o n  of  0 .935  g (0.011 
mol) of d i c h lo r o m e th a n e ,  t h e  m ix tu re  was r e f l u x e d  f o r  2 .5  h .  The 
m ix tu re  became b lack and a p r e c i p i t a t e  appeared  on t h e  wall  of  t h e  
f l a s k .  A f t e r  c o o l in g  t h e  f l a s k  t o  room t e m p e r a t u r e ,  t h e  2 , 3 -  
m e thy lened ioxybenza ldehyde  was e x t r a c t e d  with 150 mL of  e t h e r ,  washed 
wi th  w a t e r ,  5% sodium b i c a r b o n a t e  and f i n a l l y  with w a t e r .  A f t e r  
d r y in g  over  anhydrous ca lc iu m  c h l o r i d e ,  t h e  e t h e r  was e v a p o ra te d  under  
reduced p r e s s u r e  t o  a f f o r d  0.41 g,  22.72%, of  a red su b s ta n c e  which 
c r y s t a l l i z e d  upon r e f r i g e r a t i o n .  Proton NMR showed a s i n g l e t  peak a t  
6 .36  of  t h e  methylenedioxy group .
D. P o ly m e r iz a t io n  R eac t ions  of  Monomers
1. Homopolymerization
a .  Free  r a d i c a l  p o l y m e r i z a t i o n : A s o l u t i o n  o f  1 g of 
monomer and 10 mg (0 .062  mmol) of  2 , 2 ' - a z o b i s - i s o b u t y r o n i t r i l e  was 
s u b j e c t e d  t o  two o r  t h r e e  f r e e z e - th a w  c y c l e s  under  n i t r o g e n .  The t u b e  
was s e a l e d  under  vacuum and immersed i n t o  a 70 °C o i l  ba th f o r  1 h , a t  
which t im e  t h e  c o n te n t s  a r e  q u i t e  v i s c o u s .  The tu b e  was c o o le d ,  
opened,  and t h e  c o n te n t s  d i l u t e d  with ch lo ro fo rm  and p r e c i p i t a t e d  in 
a b s o l u t e  m ethano l .  The polymer was r e d i s s o l v e d  in  ch lo ro fo rm  and 
r e p r e c i p i t a t e d  in  methanol b e f o r e  i t  was d r i e d  in  vacuo a t  40 °C f o r  2 
d a y s .  The r e s u l t s  of  t h e  i n d i v i d u a l  p o l y m e r iz a t i o n s  a r e  summarized in  
Tab le  11. Elemental  a n a l y s i s  r e s u l t s  a re  r e p o r t e d  in  Table  10. No 
ev ide nc e  f o r  r e s i d u a l  viny l  group was d e t e c t e d  in  e i t h e r  t h e  p ro to n  
NMR or  IR s p e c t r a  of any of  t h e  polymers .
b .  Anionic  p o l y m e r i z a t i o n :  To a s o l u t i o n  of  1 g of  f r e s h l y  
d i s t i l l e d  monomer in  dry benzene in a f lame d r i e d  100 mL t h r e e - n e c k e d
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round bot tomed f l a s k  equipped wi th  two rubber  s e p t a  and a n i t r o g e n  
i n l e t - o u t l e t  was i n j e c t e d  1 mL of  n - b u t y l l i t h i u m  (2 .6  M in 
he xa ne) .  An exotherm was d e t e c t e d  as  t h e  s o l u t i o n  tu rn e d  deep r ed .  
A f t e r  20 min a t  room t e m p e r a t u r e , .  1 mL of a b s o l u t e  methanol was 
i n j e c t e d  t o  t e r m i n a t e  p o l y m e r i z a t i o n .  P r e c i p i t a t i o n  in methanol 
y i e l d e d  a w h i te  powder which was recovered  by f i l t r a t i o n  and d r i e d  i n  
vacuo a t  40 °C f o r  2 d a y s .  With t h e  e x c e p t io n  of  t h a t  d e r iv e d  from 
monomer 29_,, t h e  polymers  recovered  e x h i b i t e d  t h e  same s p e c t r a l  
c h a r a c t e r i s t i c s  as t h o s e  o b t a in e d  by f r e e  r a d i c a l  p o l y m e r i z a t i o n .  The 
s p e c t r a  of  poly 29 r e v e a le d  t h e  p re se nc e  of  hydroxyl groups (8 6 , 3450- 
3430 cm- 1 ) i n d i c a t i n g  t h a t  t h e  p o l y m e r iz a t io n  was accompanied by 
methoxy c l e a v a g e .  When sodium n a p h t h a l i d e  was used as  an i n i t i a t o r  in 
th e  p o l y m e r iz a t io n  of monomer 29 ,^ c l e a v a g e  was observed a l s o .  The 
e x t e n t  of  c onve rs ion  achieved and t h e  v i s c o s i t i e s  of  t h e  polymers  a r e  
compiled in  Table  11.
Anionic  p o ly m e r iz a t io n  of  monomer 32^proceeded  d i f f e r e n t l y .  
Add i t io n  of  n - b u t y l l i t h i u m  gave a p e r s i s t e n t  ye l low  c o lo r  and no 
exotherm could  be d e t e c t e d .  A f t e r  40-50 min,  2 mL of  a b s o l u t e  
methanol  was i n j e c t e d  t o  d i s c h a r g e  t h e  ye l low  c o l o r .  The s o l u t i o n  
tu r n e d  p u r p l i s h - b l u e  upon exposure  t o  a i r ;  i t  was poured immediately 
i n t o  m ethano l .  The b l u i s h  p r e c i p i t a t e  was d i s s o l v e d  in  d i c h l o r o ­
methane and r e p r e c i p i t a t e d  in  methanol  t o  y i e l d  a w h i te  powder; t h e
s p e c t r a l  p r o p e r t i e s  of  t h e  p r e c i p i t a t e  were c o n s i s t e n t  with t h e
fo rm a t io n  of  low m o le c u la r  weight  poly 32.
Anionic  p o ly m e r iz a t io n  of t h e  monomers with n - b u t y l l i t h i u m  a t  
t e m p e ra t u re  as  low as -50 °C was a l s o  a t t em p ted  but  t h e  polymers  were 
i s o l a t e d  in very low c o n v e r s i o n s .
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c .  C a t i o n i c  p o l y m e r i z a t i o n : Anhydrous s t a n n i c  c h l o r i d e ,
0.5  mL, was added t o  a s o l u t i o n  of  1 g of  monomer in  30 mL of  
d i c h lo r o m e th a n e .  A deep p u r p le  c o l o r  accompanied by an exotherm was 
noted imm edia te ly .  A f t e r  20 min a t  room t e m p e r a t u r e ,  2 mL of  methanol 
was i n j e c t e d  t o  d e a c t i v a t e  t h e  c a t a l y s t  and t h e  polymer was 
p r e c i p i t a t e d  in m ethano l .  The p r e c i p i t a t e  was washed wi th  w a te r  and 
methanol t o  remove t h e  t i n  s a l t s  b e fo r e  d ry in g  th e  polymer i n  vacuo a t  
40 °C f o r  2 d a y s .  The r e s u l t s  a r e  summarized in  Table  11. C a t i o n i c  
p o l y m e r i z a t i o n  of  monomer 29_ was ach ieved  a t  t e m p e ra tu re  -50 °C.
2.  D i l a t o m e t r i c  s tudy  of 2 , 3 - d im e th o x y s ty r e n e ,  3 0 ;
The monomer 2 ,3 - d im e th o x y s ty r e n e  was i n t r o d u c e d  i n t o  a d i l a t o m e t e r  
c a l i b r a t e d  by mercury a t  24 °C (VQ = 10 .1383,  aV/aH = 8.029x10“ ^) 
c o n t a i n i n g  0 .01  g (0 .061 mmol) of  r e c r y s t a l l i z e d  2 , 2 ' - a z o b i s -  
i s o b u t y r o n i t r i l e  (AIBN) i n i t i a t o r .  The c a p i l l a r y  was i n s e r t e d  
c a r e f u l l y  t o  avoid t r a p p i n g  a i r  b u b b l e s .  A f t e r  f i r m l y  f a s t e n i n g  t h e  
c a p i l l a r y  t o  t h e  t e s t  w i th  s p r i n g s ,  t h e  j o i n t  was s e a l e d  with 
m ercury.  This  complete  system was then  immersed c a r e f u l l y  in  a l a r g e  
c o n s t a n t  t e m p e ra tu re  ( T = 70 ± 0 .05 °C) w a te r  bath deep enough t o  
cover  t h e  f i l l e d  p o r t i o n  of t h e  c a p i l l a r y .  I n i t i a l l y  t h e  meniscus 
r o s e  due t o  thermal  e x p a n s i o n .  Once some of  t h e  monomer was removed 
wi th  a hypodermic s y r i n g e  t o  keep t h e  meniscus in  t h e  c a l i b r a t e d  
s e c t i o n  of t h e  c a p i l l a r y ,  t h e  meniscus l e v e l  was c o n s t a n t  f o r  a s h o r t  
t im e  due t o  t h e  i n h i b i t i o n  by d i s s o l v e d  oxygen and then  s t a r t e d  t o  
d ro p .  The meniscus l e v e l  was recorded  every  m inu te .  A f t e r  
p o l y m e r i z a t i o n  f o r  45 min ( F ig .  1 ) ,  t h e  v i scous  s o l u t i o n  in  t h e  bulb 
was coo led  t o  room t e m p e r a t u r e  and d i l u t e d  in  c h lo ro fo rm .
P r e c i p i t a t i o n  in a b s o l u t e  m e tha no l ,  f i l t r a t i o n ,  and d r y in g  i n  vacuo a t
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40 °C f o r  2 days y i e l d e d  1.96 g of p o l y ( 2 , 3 - d i m e t h o x y s t y r e n e ) .  The 
i n i t i a l  r a t e  of t h e  bulk p o l y m e r i z a t i o n ,  R p ' ,  was c a l c u l a t e d  u s ing  t h e  
f o l l o w in g  r e l a t i o n :
R p ' = (AV/At)x(l/VK)
where K was e s t i m a t e d  from t h e  g r a v i m e t r i c  conv e rs io n  t o  be 0 .0 998 .
The i n i t i a l  and o v e r a l l  r a t e s  of p o l y m e r i z a t i o n ,  Rp' and Rp, were 
found t o  be 3.86x10“^ min"* and 2 .5 3 x l 0 " 2 mol L" 1 min" 1 r e s p e c t i v e l y .
3. Copo lym er iza t ion
a .  Copo lym er iza t ion  of  2 ,3 - d im e th o x y s ty r e n e ,  30
a - 1 .  With s t y r e n e :  S ty rene  (Mg) and 2 ,3 - d im e th o x y s ty r e n e
(M^) monomers were weighed in p o l y m e r iz a t io n  tu b es  c o n t a i n i n g  10 mg 
(0.061 mmol) of  AIBN. The sum of  t h e  molar  c o n c e n t r a t i o n s  was 
m ain ta ined  c o n s t a n t  a t  0 .02  mol with v a r i a b l e  feed  r a t i o .  The tu b e s  
were s e a l e d  in  vacuo under  n i t r o g e n  a f t e r  degass ing  t h e  d i s s o l v e d  
oxygen in  t h e  s o l u t i o n  by t h r e e  t o  f o u r  a l t e r n a t e  f r e e z e - th a w  c y c le s  
under n i t r o g e n .  The tu b e s  were then  immersed i n t o  a 70 °C o i l  ba th  
u n t i l  an i n c r e a s e  in  v i s c o s i t y  of  t h e  s o l u t i o n  was n o t e d .  A f t e r  
c o o l in g  t o  room t e m p e r a t u r e ,  t h e  v i scous  s o l u t i o n s  were d i l u t e d  in 
ch lo ro fo rm  and p r e c i p i t a t e d  in  a b s o l u t e  m ethano l .  The copolymers  were ' 
d r i e d  in  vacuo a t  room t e m p e ra t u re  f o r  3 days and weighed t o  c a l c u l a t e  
t h e  e x t e n t  of c o n v e r s i o n s .  The compos i t ion  of  t h e  copolymers  were 
de te rmined  from e lem enta l  a n a l y s i s .  R e s u l t s  a r e  shown in  Table  12. 
R e a c t i v i t y  r a t i o s  r j  and ^  and Q-e copo ly m e r i z a t io n  pa ra m e te r s  a r e  
given in  Table  16.
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a - 2 .  With methyl m e t h a c r y l a t e : Copo lym er iz a t i on  procedure
was run in  t h e  same manner as with s t y r e n e ,  d e s c r i b e d  above .  R e s u l t s  
a r e  shown in Table 13. The r j ,  ^  Q, and e v a lues  a r e  compiled in 
Table  16.
b.  Copo lym er iza t ion  of  6- v i n y l - 1 , 4 - b e n z o d i o x a n e , 31: The
c o p o ly m e r i z a t io n  p rocedure  of  monomer J30, d e s c r i b e d  above ,  was a p p l i e d  
f o r  t h e  c o p o ly m e r i z a t io n  of  monomer _31^with t h e  same comonomers.
However, t h e  t o t a l  molar  compos i t ion  of  t h e  monomer m ix tu re  was 
m ain ta ined  a t  0 .01 mol.  R e s u l t s  a re  r e p o r t e d  in  Tab les  14 and 15. 
R e a c t i v i t y  r a t i o s  and Q-e pa ram ete rs  a r e  found in  Table  16.
4.  P r e p a r a t i o n  of  p o l y s t y r e n e  g r a f t s  on poly 30: To a s o l u t i o n
of  0 .5  g of  p o l y ( 2 ,3 - d im e th o x y s t y r e n e )  in  30 mL of  methylene  c h l o r i d e ,
1 .8  g of  f r e s h l y  d i s t i l l e d  s t y r e n e  was i n t r o d u c e d .  A f t e r  s t i r r i n g  t h e  
m ix ture  f o r  20 min, 0 .5  t o  1 mL of anhydrous s t a n n i c  c h l o r i d e  was 
i n j e c t e d .  The system was placed i n t o  an i c e  b a t h ,  t h e  t e m p e ra t u re  was 
mantained between 0 and 20 °C, and al lowed t o  s t i r  f o r  1 h.  The red 
p r e c i p i t a t e  was f i l t e r e d  and t h e  s o l u t i o n  was p r e c i p i t a t e d  in  a b s o l u t e  
methanol g iv ing  a w h i te  powder once f i l t e r e d .  Both t h e  i n s o l u b l e  red 
p roduct  and t h e  s o l u b l e  w h i te  powder were d r i e d  i n  vacuo a t  room 
t e m p e r a t u r e  f o r  t h r e e  days t o  a f f o r d  0.40  and 0.81  g r e s p e c t i v e l y ;  35% 
of s o l u b l e  f r a c t i o n  was i s o l a t e d ;  p o l y s t y r e n e  was t h e  predominant  
component as evidenced  by NMR. FT-IR spectrum of  t h e  i n s o l u b l e  
p roduc t  r eve a le d  t h e  bands of poly 30 wi th  an a d d i t i o n a l  peak a t  698 
cm" 1 which belongs t o  p o l y s t y r e n e  as shown in f i g u r e  12.
Ana l . : Found: C, 53 .24 ;  H, 5 .1 5 .
A s i m i l a r  procedure  was used f o r  t h e  p r e p a r a t i o n  of  p o l y s t y r e n e  
g r a f t s  on p o l y ( 5 - v i n y l - l , 3 - b e n z o d i o x o l e )  and on p o l y ( 6 - v i n y l - l , 4 -
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benz od ioxa ne ) .  The s o l u b l e  f r a c t i o n s ,  which were i d e n t i f i e d  as 
p redom inan t ly  p o l y s t y r e n e  by NMR, were i s o l a t e d  in  53.6  and 77% y i e l d  
r e s p e c t i v e l y .  With poly 28, a p u r p l i s h  b lue  c o l o r  was noted i n s t e a d  
of  r e d .  IR s p e c t r a  of t h e  i n s o l u b l e  g r a f t e d  polymers r ev e a le d  an 
a d d i t i o n a l  peak a t  680-700 cm"* p e r t a i n i n g  t o  p o l y s t y r e n e .
E. Chemical M o d i f i c a t io n  of P o l y ( v i n y l c a t e c h o l ) P r e c u r s o r s :
E l e c t r o p h i l i c  Approach
1.  Brominat ion
Brominat ion of  p o l y ( 5 - v i n y l - l , 3 - b e n z o d i o x o l e ) : To a s o l u t i o n  of
1 g (6 .75  mmol) of polymer in  60 mL of ch lo roform  in  a 250 mL round 
bottomed f l a s k  equipped with a magnet ic  s t i r r e r  and a d ropp ing  f u n n e l ,  
and coa ted  t o  minimize exposure  of  t h e  c o n te n t s  t o  l i g h t ,  a s o l u t i o n  
of  1 .08  g (6.75  mmol) of  bromine in 30 mL of  ch lo ro fo rm  was added 
d ropwise ;  an e v o lu t io n  of  hydrogen bromide gas was o b s e rv e d .  S t i r r i n g  
was con t inued  f o r  24 h a t  room t e m p e r a t u r e .  The brown s o l u t i o n  was 
p r e c i p i t a t e d  in  a b s o l u t e  methano l .  The p r e c i p i t a t e  was r e d i s s o l v e d  in 
c h lo r o f o rm ,  r e p r e c i p i t a t e d  in  m ethano l ,  f i l t e r e d  and d r i e d  i n  vacuo a t  
40 °C f o r  2 days t o  a f f o r d  1.48  g of brominated poly 28. Elemental  
a n a l y s i s ,  y i e l d s  and e x t e n t  of  s u b s t i t u t i o n  upon bromina t ion  of  a l l  
polymers  a r e  summarized in  Table  21.
2.  Cyanogenat ion
Cyanogenat ion of  t h e  brominated poly 28: Copper c y a n id e ,  0 .3  g
(24% e x c e s s ) ,  was added t o  a s o l u t i o n  of 1 g of polymer 61^in  80 mL of  
dimethylformamide  in  250 mL round bot tomed f l a s k  f i t t e d  with a r e f l u x  
c o n d e n se r .  The m ix tu re  was hea ted  f o r  4 h a t  215 °C. A f t e r  c o o l in g  
t h e  m ix tu re  t o  room t e m p e r a t u r e ,  t h e  i n s o l u b l e  p roduct  was f i l t e r e d
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and t h e  f i l t r a t e  was p r e c i p i t a t e d  in  m ethano l .  The p r e c i p i t a t e  was 
f i l t e r e d  and washed s e v e r a l  t im es  wi th  w a te r  t o  remove t h e  coppe r  
s a l t s .  The polymer was r e d i s s o l v e d  in  d i c h l o r o m e th a n e ,  r e p r e c i p i t a t e d  
i n  m ethano l ,  and d r i e d  i n  vacuo a t  40 °C f o r  2 days t o  y i e l d  0 .64  g.
The cyanogena t io n  r e a c t i o n  of  t h e  b romina ted  p o ly (3 ,4 - d im e th o x y -  
s t y r e n e ) , _52^and p o l y ( 2 , 3 - d i m e t h o x y s t y r e n e ) , 53^were a l s o  a t t e m p te d  by 
employing th e  same exp e r im e n ta l  p r o c e d u r e .  The e x t e n t  of s u b s t i t u t i o n  
and e lemen ta l  a n a l y s i s  f o r  each d e r i v a t i v e  a r e  given in Table  22.
3.  C h lo rom e thy la t ion
C h lo ro m e th y la t i o n  o f  p o l y ( 6 - v i n y l - l , 4 - b e n z o d i o x a n e ) ,  poly 31:
To a s o l u t i o n  of 0 .46 g (2 .836 mmol) of  poly 31 and 3 mL of  
ch loromethyl  e th y l  e t h e r  (0 .032  mol) in  30 mL of  c h lo r o f o rm ,  0 .1  mL of 
anhydrous of  s t a n n i c  c h l o r i d e  was added .  The m ix tu re  was a l lowed t o  
s t i r  f o r  5 min a t  room t e m p e r a t u r e .  The c a t a l y s t  was d e a c t i v a t e d  by 
i n j e c t i n g  2 mL of a b s o l u t e  methanol and t h e  m ix tu re  was s t i r r e d  f o r  an 
a d d i t i o n a l  10 min. The p roduct  was p r e c i p i t a t e d  from m ethano l ,  
f i l t e r e d  and washed wi th  methanol b e fo r e  d ry in g  in  vacuo a t  40 °C f o r  
2 days t o  a f f o r d  0 .39  g o f  67  ^ with 73.23% s u b s t i t u t i o n  based on 
elemen ta l  a n a l y s i s .  Proton NMR (CDCI3) r e v e a l e d  a broad peak a t  
4-56 c o r r e spond ing  t o  an o v e r l a p  of - OCHgCHgO- with -CHgCl g roup .
Ana l . : Ca lcd .  : C, 6 2 .7 1 ;  H, 5 .2 6 ;  C l ,  16 .85 .
Found : C, 6 3 .8 9 ;  H, 5 .3 0 ;  C l ,  12 .34 .
4.  Q u a t e r n i z a t i o n  of  c h lo r o m e th y la t e d  p o l y ( 6 - v i n y l - l , 4 - b e n z o -  
d i o x a n e ,  67: Ch lo rom e thy la ted  po lymer,  0 .34  g ,  was suspended in  30 mL 
of a b s o l u t e  methanol and 5 mL of  t r i e t h y l  amine was added t o  t h e  
s l u r r y .  The he te rogene ous  m ix tu re  was al lowed  t o  s t i r  f o r  t h r e e  days 
a t  room t e m p e r a t u r e ;  t h e  m ix tu re  became o ran g e .  The p r e c i p i t a t e  t h a t
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p e r s i s t e d  d u r in g  t h e  r e a c t i o n  c o u r s e  was f i l t e r e d  and t h e  f i l t r a t e  was 
p r e c i p i t a t e d  in  hexane. ,  The p roduc t  was r e d i s s o l v e d  in  a b s o l u t e  
m ethano l ,  but  an a t t e m p t  t o  r e p r e c i p i t a t e  i t  i n  hexane f a i l e d .  The 
s o l v e n t s  were e v a p o ra te d  under  reduced p r e s s u r e  and t h e  q u a t e r n i z e d  
polymer was l e f t  as  y e l lo w  orange  s o l i d .  A f t e r  d ry in g  in  vacuo a t  
room t e m p e r a t u r e  f o r  t h r e e  d a y s ,  t h e  p roduc t  weighed 0 .24  g.
Elemental  a n a l y s i s  i n d i c a t e d  a 47.96% s u b s t i t u t i o n .  Proton NMR 
(CD3OD) : 4 . 8 6 ,  Ar-CH2 ~N=, s ;  3 . 2 6 ,  =N-C_Hg-CH? , q ; ' 1 . 4 6 ,
=N-CH2-CH3 , t .
Ana l . : Found : C, 6 2 .6 9 ;  H, 6 . 7 7 ;  N, 1 .6 0 ;  C l ,  4 . 5 6 .
5.  L i t h i a t i o n
L i t h i a t i o n  of  p o l y ( 2 , 3 - d i m e t h o x y s t y r e n e ) : To a s o l u t i o n  of  0 .5  g
(3 .0 4  mmol) of poly 30 in  50 mL of  benzene in  a 100 mL r e s i n  k e t t l e  
f i t t e d  wi th  a mechanical  s t i r r e r ,  a r e f l u x  c o n d e n se r ,  a n i t r o g e n  
i n l e t - o u t l e t ,  and two rubber  s e p t a ,  6 mL (15 .6  mmol) of  n - b u t y l l i t h i u m  
(2 .6  M in hexane)  and 3 mL of  N,N,N’ ,N‘ - t e t r a m e t h y l e t h y l e n e d i a m i n e  
(TMEDA) were i n j e c t e d .  The m ix tu re  was r e f l u x e d  and s t i r r e d  under  
n i t r o g e n  a t  65-70 °C f o r  8 h;  a brown s l u r r y  was n o t e d .  The c o lo r  
t u rn e d  ye l lo w  upon a d d i t i o n  of 6 mL of  t r i m e t h y l c h l o r o s i l a n e  a f t e r  
c o o l in g  t h e  system t o  room t e m p e r a t u r e .  S t i r r i n g  was c o n t in u e d  f o r
14 h a t  room t e m p e r a t u r e .  The s l u r r y  was poured in  methanol  and t h e  
p r e c i p i t a t e  was r e d i s s o l v e d  in  benzene ,  r e p r e c i p i t a t e d  in  m e tha no l ,  
f i l t e r e d ,  washed with w a te r  and f i n a l l y  wi th  m e tha no l .  A f t e r  d ry in g  
1n vacuo f o r  t h r e e  days a t  room t e m p e r a t u r e ,  0 .49  g o f  s i l y l a t e d  
polymer,  69 ,^ was i s o l a t e d .  C h a r a c t e r i z a t i o n  d a t a  and e x t e n t  of 
s u b s t i t u t i o n  a r e  summarized in  Table  20.
The l i t h i a t i o n - s i l y l a t i o n  sequence  was a p p l i e d  t o  poly 28 and
p o ly  31.  R e s u l t s  are  a l s o  shown in  Table  20.
6 . P h th a l im id o m e th y la t io n
P h th a l im id o m e th y la t io n  of  p o l y ( 2 ,3 - d im e th o x y s t y r e n e )
a .  With N -m ethy lo lph tha l im ide  and t r i f l u o r o m e t h a n e s u l f o n i c  
a c i d : To a s o l u t i o n  of  0 .5  g (3 .04  mmol) of  polymer in  20 mL of 
d i ch lo rom e thane  p laced  in  a 100 mL round bot tomed f l a s k ,  a m ix tu re  of 
0 .53  g (2 .99  mmol) of  N - m e th y lo lp h th a l im id e ,  1 g of t r i f l u o r o m e t h a n e ­
s u l f o n i c  a c id  in 40 mL of  t r i f l u o r o a c e t i c  a c id  was added dropwise  over  
1 h p e r i o d .  The m ix tu re  s t a r t e d  t o  t u r n  ye l lo w  and c lo u d y .  A purp le  
c o l o r  and a s t i c k y  m a t e r i a l  were noted  a f t e r  16 h of s t i r r i n g  a t  room 
t e m p e r a t u r e .  The s o l u t i o n  was p r e c i p i t a t e d  in  a b s o l u t e  m ethano l .  The 
p u r p le  p r e c i p i t a t e  was f i l t e r e d ,  washed s e q u e n t i a l l y  wi th  w a t e r ,  100 
mL of  ammonium h y d r o x id e ,  w a t e r ,  and f i n a l l y  wi th  methanol  t o  a f f o r d  a 
w h i t e  polymer.  Drying i n  vacuo a t  40 °C f o r ' 2 days y i e l d e d  0 .85  g of 
polymer 60 .
The same experimenta l  p rocedure  was used f o r  t h e  
p h th a l im id o m e th y la t i o n  r e a c t i o n  of poly 29, poly 31 and poly 32 wi th  
t h e  d i f f e r e n c e  in  c o l o r  change th rou g h o u t  t h e  cou rse  of t h e  r e a c t i o n ;  
t h e  a d d i t i o n  of t h e  N -m ethy lo lph tha l im ide  s o l u t i o n  was accompanied by 
appearance  of p u rp le  c o l o r  which tu rn e d  g r e e n i s h  b lack  a f t e r  8 h of 
s t i r r i n g  a t  room t e m p e r a t u r e .  Polymer 62^was i n s o l u b l e  in  common 
o r g a n i c  s o l v e n t s .  An i n c r e a s e  in  weight  was ob ta in e d  f o r  a l l  c a s e s .  
Y i e ld s ,  e x t e n t  of s u b s t i t u t i o n ,  and c h a r a c t e r i z a t i o n  d a t a  a r e  ga th e red  
in  Tab les  23 and 24.
b .  With n - b u t y l l i t h i u m  and N-bromomethylphthal imide :  The 
f i r s t  s t e p ,  l i t h i a t i o n ,  was c a r r i e d  out  as d e s c r i b e d  above u s ing  t h e  
same q u a n t i t i e s  of r e a g e n t s .  The second s t e p  c o n s i s t s  of  adding
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dropwise  a s o l u t i o n  of  1 9 of N-bromomethylphthal imide in 20 mL of 
benzene .  The red p e r s i s t e n t  c o l o r  of  t h e  m ix tu re  which appeared  a t  
t h e  be9in n in g  of  t h e  a d d i t i o n  tu rn e d  y e l l o w .  The m ix tu re  was brought  
t o  r e f l u x  a t  62 °C and s t i r r e d  o v e r n i g h t .  The p r e c i p i t a t e  from 
methanol  was washed wi th  w a te r  and m ethano l .  The p roduct  d r i e d  i n  
vacuo a t  room t e m p e r a t u r e  f o r  t h r e e  days was i n s o l u b l e  in h a loge na te d  
s o l v e n t s .  Elemental  a n a l y s i s  i n d i c a t e d  40.20% s u b s t i t u t i o n .  IR (KBr 
p e l l e t ) :  1750 and 1690 cm- * (-C0-N-C0-) .
A na l . : C a lcd .  : C, 7 0 .5 7 ;  H, 5 . 3 0 ;  N, 4 . 3 3 .
Found : C, 72 .42 ;  H, 6 . 66 ; N, 1 .74 .
7. H y d r a z in o l y s i s
H y d r a z in o l y s i s  of  polymer 60 : H ydraz ine ,  7 mL, was added t o  a
s u spens ion  of 0 .63  g of polymer 60^in  70 mL of a b s o l u t e  e t h a n o l .  The 
m ix tu re  was r e f l u x e d  a t  50-60 °C f o r  14 h.  The s o l i d  by -p roduc t  was 
f i l t e r e d  wh i le  t h e  m ix tu re  was h o t .  The s t i c k y  m a t e r i a l  remaining  
a f t e r  e v a p o ra t i o n  of  e th ano l  under  reduced p r e s s u r e  was d i s s o l v e d  in  
c h lo r o f o rm .  The i n s o l u b l e  b y - p r o d u c t ,  p h t h a l o y l h y d r a z i d e ,  was 
f i l t e r e d .  Attempt  t o  p r e c i p i t a t e  t h e  ch lo ro fo rm  s o l u t i o n  in  methanol  
f a i l e d  t o  produce any powder . A f i l m  was ob ta in e d  a f t e r  e v a p o r a t i o n  
of  ch lo ro fo rm .  The f i l m  was d r i e d  i n  vacuo a t  40 °C f o r  2 days to  
y i e l d  0 .43  g of brown m a t e r i a l .  A ninhydri 'n  t e s t  on a s l u r r y  in  wa te r  
was p o s i t i v e ;  a p u r p l e  b lue  c o lo r  formed on t h e  p a r t i c l e s  i n d i c a t i n g  
t h e  p re s e n c e  of amino g ro u p s .  The s t r o n g  a b s o r p t i o n s  in  t h e  FT-IR 
spect rum  a t  1774 and 1714 cm" 1 d i s a p p e a re d  and a broad band a t  3450 
cm-1 a p p e a re d ,  d e s i g n a t i n g  a pr imary amine. The h y d r a z i n o l y s i s  
r e a c t i o n  was a p p l i e d  t o  polymers  5 9 , 6 1 , and 62 .  R e s u l t s  and s p e c t r a l  
d a ta  a r e  given in  Table  25.
8 .  Q u a t e r n iz a t io n  o f  t h e  aminomethylated polymer,  64:
To a s uspens ion  of  0 .2  g (1 .04  mmol) of  ami nomethyla ted  polymer in  60 
mL of  a b s o l u t e  m e tha no l ,  0 .05  t o  0 .06 g of sodium c a rb o n a te  and 1.47 g 
(10 .4  mmol) of  iodomethane were added .  The m ix tu re  was s t i r r e d  a t  
room t e m p e r a t u r e  f o r  2 days ;  t h e  polymer was s t i l l  suspended and no 
c o l o r  change was n o t e d .  Another  excess  of  iodomethane and 2 mL of 
c o n c e n t r a t e d  h y d r o c h l o r i c  a c id  were added t o  t h e  m ix t u r e .  S t i r r i n g  
f o r  an a d d i t i o n a l  2 days a f f o r d e d  a red l i q u i d  along  with a 
p r e c i p i t a t e .  The red s o l u t i o n  was p r e c i p i t a t e d  in  w a te r  ( i t  can a l s o  
be p r e c i p i t a t e d  in  e t h e r )  and f i l t e r e d .  Drying i n  vacuo a t  room 
t e m p e r a t u r e  f o r  t h r e e  days y i e l d e d  0 .04  g of  red brown polymer.  This  
polymer was s o l u b l e  in  m ethano l .  Proton NMR spect rum was not  r ecorded  
due t o  t h e  m inuscule  amount of sample a v a i l a b l e .  The red i n s o l u b l e  
p roduct  was d r i e d  and e le m en ta l  a n a l y s i s  r e v e a le d  t h e  p re se nc e  of 
i o d i n e .
Ana l . : Found : C, 4 2 .8 2 ;  H, 5 .7 9 ;  N, 3 .0 6 ;  I ,  30 .87 .
9.  Attempted p h t h a l i m i d o e t h y l a t i o n  of  poly 30: To a s o l u t i o n  of
0 .5  g of  poly 30 in  20 mL of d i c h lo r o m e th a n e ,  a m ix tu re  of  0 .6  g of  
99% N-(2- h y d r o x y e t h y l ) p h t h a l i m i d e ,  40 mL of  t r i f l u o r o a c e t i c  a c id  and 
0 .6  mL of t r i f l u o r o m e t h a n e s u l f o n i c  a c i d ,  was added dropwise over  a
0 .5  h p e r i o d .  The brown s o l u t i o n  was s t i r r e d  a t  room t e m p e ra tu re  f o r  
22 h a t  which t ime t h e  c o l o r  t u r n e d  deep ly  brown. The s o l u t i o n  was 
p r e c i p i t a t e d  in  m e th a n o l ,  washed wi th  sodium h y d r o x id e ,  w a te r  and 
f i n a l l y  wi th  m e tha no l .  Drying in  vacuo a t  room t e m p e ra t u re  f o r  t h r e e  
days a f f o r d e d  0 .48  g of polymer.  Elemental  a n a l y s i s  i n d i c a t e d  t h a t  
n i t r o g e n  had been i n c o r p o r a t e d ,  bu t  expec ted  a rom a t ic  pro ton  peak a t  
7 .9 -86  in  NMR and t h e  carbonyl  a b s o r p t i o n s  a t  1750 and 1690 cm- * in
1IR were a b s e n t .
Anal .  : C a lcd .  : C, 71 .20 ;  H, 5 .67 ;  N, 4 .1 5 .
Found : C, 6 7 .23 ;  H, 6 .5 1 ;  N, 0 . 8 0 .
10. S u l f o n a t i o n
S u l f o n a t i o n  of  po ly  30: To a s o l u t i o n  of 0 .5  g of poly 30 in
d i c h lo r o m e th a n e ,  was i n j e c t e d  0 .2  mL of  c h l o r o s u l f o n i c  a c i d ;  a milky 
gel  was formed r a p i d l y .  The m ix tu re  was then  s t i r r e d  f o r  0 .5  h a t  
room t e m p e r a t u r e .  A c l e a r  s o l u t i o n  was o b ta in e d  upon a d d i t i o n  of 30 
mL of  d i s t i l l e d  water  t o  t h e  m ix tu re ;  t h e  gel d i s s o l v e d  c l e a n l y  in  
t h a t  sys tem. To t h e  a c i d i c  aqueous e x t r a c t  (pH » 1 ) ,  50% sodium 
hyd rox ide  was added dropwise  u n t i l  pH was b a s i c ,  th e n  0 . 4  g of 
tetramethylammoniurn c h l o r i d e  was added a t  once and t h e  m ix tu re  was 
s t i r r e d  f o r  1 h a t  ambient  t e m p e r a t u r e .  A f t e r  d i l u t i o n  with 
d imethyl formamide,  a w h i t e  polymer was p r e c i p i t a t e d  in  a c e t o n e .  The
polymer was f i l t e r e d  and d r i e d  in  vacuo f o r  2 days a t  room t e m p e ra t u re  
t o  a f f o r d  0 .5  g of  po lymer.  S u l f o n a t i o n  of poly 29 and poly 31 were 
c a r r i e d  out  s i m i l a r l y .  Tab le  26 cove rs  t h e  e lementa l  a n a l y s i s  and t h e  
e x t e n t  of  s u b s t i t u t i o n .
11. Attempted s u l f o m e t h y l a t i o n  of  po ly  30: To a s uspens ion  of
0 .5  g of  poly 30 in  50 mL of  w a t e r ,  aqueous sodium hydrox ide  (50%) was 
added dropwise  while  s t i r r i n g  u n t i l  t h e  pH was a l k a l i n e .  A f t e r
i n t r o d u c t i o n  of 0 .93  g (54% e x c e s s )  of  t h e  formaldehyde sodium
b i s u l f i t e  a d d u c t ,  t h e  s l u r r y  was hea te d  a t  63-65 °C f o r  4 d a y s .  The
u n r e a c te d  polymer was r ecove red  by f i l t r a t i o n  and t h e  aqueous f i l t r a t e  
was p r e c i p i t a t e d  in m ethano l ;  a t t e m p t  t o  p r e c i p i t a t e  i t  in ace tone  
f a i l e d .  Orying in  vacuo a t  room t e m p e r a t u r e  f o r  t h r e e  days a f f o r d e d
0 .82  g of water  s o l u b l e  p r o d u c t .  Proton NMR (D2O) spectrum was
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i n c o n c l u s i v e .  Moreover ,  IR spectrum was e n t i r e l y  d i f f e r e n t  from t h a t  
of poly 30. The s u l f o m e t h y l a t i o n  r e a c t i o n  was a l s o  a t t em p ted  wi th  poly 
28 and poly 31,  and t h e  same p roduc t  was o b t a in e d  as r e v e a le d  by IR.
The e lemen ta l  a n a l y s i s  f o r  t h e  aqueous s o l u b l e  f r a c t i o n s  a r e  
r e s p e c t i v e l y :
A n a l . : Found : C, 1 .91 ;  H, 0 . 4 0 ;  S, 21 .94 .
C, 2 .2 4 ;  H, 0 .6 8 ;  S, 16 .79 .
• C, 0 .8 9 ;  H, 0 .5 1 ;  S,  21 .80 .
F. S y n t h e s i s  of  Model Compounds
1. S y n t h e s i s  of  5 - m e t h y l - 1 ,3 - b e n z o d io x o l e ,  Clemmensen 
r e d u c t io n  of p i p e r o n a l :  A 1000 mL round bot tomed f l a s k  immersed
in an e f f i c i e n t  c o o l in g  sys tem, was charged  with 20 g of  mossy z i n c ,
12 g of  mercuric  c h l o r i d e ,  200 mL of water  and 6 mL of c o n c e n t r a t e d  
h y d r o c h l o r i c  a c i d .  An exotherm was d e t e c t e d  when shaking  t h e  m ix tu re  
f o r  5 min. A f t e r  d e c a n t in g  t h e  l i q u i d ,  100 mL of benzene and 50 g of 
p ipe rona l  were c a r e f u l l y  added t o  t h e  amalgamated z in c  remain ing in
t h e  f l a s k .  The f l a s k  was immersed in a h e a t i n g  mant le  and t h e  m ix tu re
was v ig o ro u s ly  r e f l u x e d  f o r  24 h. A f t e r  c o o l in g  t h e  m ix tu re  t o  25 °C 
and s e p a r a t i n g  t h e  benzene l a y e r ,  t h e  aqueous l a y e r  was e x t r a c t e d  with 
two 75 mL a l i q u o t s  of  e t h e r .  The benzene and t h e  e t h e r a t e  e x t r a c t s  
were combined and d r i e d  over  anhydrous ca lc ium c h l o r i d e  f o r  24 h .  The 
s o l v e n t s  were eva po ra te d  under  reduced p r e s s u r e .  The r e s i d u e  was 
d i s t i l l e d  t o  y i e l d  14.4 g, 32%, of 5 - m e t h y l - 1 ,3 - b e n z o d io x o l e ,  85 °C/26 
mm. Proton NMR (CDCI3 ):  2 .2 6 ,  3H, Ar-CH^, s ;  5 .896 ,  2H,
-OCHpO-, s .  IR ( n e a t )  shows no carbonyl  group.  Mass s p e c t r a :  135 
(100) ,  1 3 6 ( 7 6 .5 ) ,  7 7 ( 1 6 . 7 ) ,  7 8 ( 1 6 .4 ) .
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2.  A cy la t ion  r e a c t i o n  of  1 ,3 - b e n z o d io x o le :  On mixing 15 g
(0 .123  mol) of  1 ,3 - b e n z o d i o x o le ,  14.2 g (0 .124  mol) of  t r i f l u o r o a c e t i c  
a c i d ,  and 27 g (0 .265  mol) of  a c e t i c  a n h y d r i d e ,  a ye l low  c o l o r  was 
produced .  The m ix tu re  t u r n e d  black upon h e a t i n g  f o r  2 h a t
65-70 °C. Heat ing was con t inued  f o r  an a d d i t i o n a l  7 h .  A f t e r  c o o l in g  
th e  m ix tu re  t o  25 °C, i t  was poured i n t o  100 mL of  w a t e r .  To 
n e u t r a l i z e  t h e  excess  of a c i d ,  t h e  o rg a n ic  p o r t i o n  was washed wi th  10% 
sodium b i c a r b o n a t e  and w a t e r .  Unreacted 1 ,3 -benz od ioxo le  and a c e t i c  
anhyd r ide  were removed by vacuum d i s t i l l a t i o n ,  90 °C/60 mm, and 10.4 g 
of  red s u b s ta n c e  was o b t a i n e d .  This  red r e s i d u e  s o l i d i f i e d  upon 
r e f r i g e r a t i o n .  R e c r y s t a l l i z a t i o n  in  hot  e thano l  a f f o r d e d  a shiny  
brown powder , mp 82-83 °C. Proton NMR (CDC13 ):  2 .5  6, 3H, -CO-CH3 , s ;
5 . 9 5 6 ,  2H, -O-CHg-O-, s ;  6 . 7 - 7 . 6 6 ,  3H, Ar-H_, m. IR (KBr): 1640 cm '1 , 
-CO-CH3 . Mass s p e c t r a :  149(100) ,  1 2 1 ( 5 2 .5 ) ,  1 6 4 ( 4 6 .0 ) .
3 .  S y n th e s i s  of  5 - e t h y l - 1 ,3 - b e n z o d i o x o le ,  Clemmensen r e d u c t io n
of  5 - a c e t y l - l , 3 - b e n z o d i o x o 1 e :  The amalgamated z inc  recovered
from th e  r e d u c t io n  of  p ip e ro n a l  was used .  A s i m i l a r  p rocedure  was 
a l s o  employed us ing  5 g of  3 ,4 -m e thy lened ioxyace tophenone  and 
a d j u s t i n g  t h e  amounts of  r e a g e n t s  u sed .  The d i s t i l l a t i o n  under  
reduced  p r e s s u r e  of  the  r e s i d u e  y i e l d e d  2 g,  44%, o f  c o l o r l e s s  5-  
e t h y l - 1 , 3 - b e n z o d i o x o l e ,  bp 82 °C/25 mm. Proton NMR (CDCI3 ):  1 .2 6 ,  2H, 
-CH2 -CH3 , q;  2 . 5 6 ,  3H, -CH2-CH3 , t ;  5 .896 ,  2H, -O-CH2 -O - ,  s ;  6 . 686 ,
3H, Ar-H, m. The carbonyl  group band a b s o r p t i o n  was a bsen t  in  t h e  IR 
spe c t rum .  Mass s p e c t r a :  135(100) ,  150(31) ,  7 7 ( 8 . 6 ) .
4 .  C h lo rom e thy la t ion  a t t em p t  of 5 - m e t h y l - l , 3 - b e n z o d i o x o l e :  A 
s o l u t i o n  of  3.47 g (36 .73  mmol) of  ch loromethyl  e th y l  e t h e r  and 0 .43  
mL (3 .673  mmol) of  anhydrous s t a n n i c  c h l o r i d e  in  20 mL of  ch lo ro fo rm
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was added dropwise t o  a s o l u t i o n  of  5 9 (36.76  mmol) of 5 - m e t h y l - l , 3 -  
benz od ioxo le  in  50 mL of  ch lo ro fo rm .  The red m ix tu re  o b t a in e d  was 
s t i r r e d  and r e f l u x e d  a t  65 °C f o r  3 h;  an e v o l u t i o n  of  gas was 
n o t e d .  The m ix tu re  t u r n e d  b l a c k .  Evapora t ion  of ch lo ro fo rm  under  
reduced p r e s s u r e  a f f o r d e d  a s t i c k y  compound which was d i s s o l v e d  in  t h e  
same s o l v e n t  and p r e c i p i t a t e d  in  m ethano l .  The brown b lack  
p r e c i p i t a t e  was f i l t e r e d ,  washed with m ethano l ,  and d r i e d  in  vacuo a t  
40 °C f o r  2 days t o  y i e l d  1.5 g of ch lo ro fo rm  s o l u b l e  b lack  powder.
Pro ton  NMR (CDC13 ) :  6 . 8 5 ,  Ar-H^; 5 . 8 6 ,  - 0CH?0 - ;  3 .8 6 ,  A r - C ^ - ;  2 .3 6 ,
Ar-CHq.
Anal .  : Found : C, 6 8 .3 8 ;  H, 5 .0 8 .
G. Removal of Blocking Groups
1. Deblocking >of p o l y ( 3 , 4 - d i m e t h o x y s t y r e n e ) : A 150 mL t h r e e ­
necked round bottomed f l a s k  f i t t e d  wi th  a magnet ic  s t i r r e r ,  a s t o p p e r ,  
a c o n d e n se r ,  and a n i t r o g e n  i n l e t - o u t l e t ,  was charged  wi th  1 .3  y of  
poly 29 and 35 mL of g l a c i a l  a c e t i c  a c i d .  The s l u r r y  was s t i r r e d  a t  
30 °C f o r  2 days by which t ime t h e  polymer was d i s s o l v e d  in  a c e t i c  
a c i d .  48% Hydrobromic a c i d ,  20 mL, was added dropwise w h i le  s t i r r i n g  
and r e f l u x i n y  a t  70-80 °C under  n i t r o g e n .  Re f lux ing  was c o n t inue d  f o r  
2 h a t  120 °C. The p u r p l e  red s o l u t i o n  was coo led  t o  25 °C and poured 
in  500 mL of  i c e - w a t e r .  The whi te  p r e c i p i t a t e  o b t a in e d  was f i l t e r e d  
under  n i t r o g e n .  This  p roduc t  was e a s i l y  s o l u b l e  in  methanol when 
we t .  When d r i e d  in  vacuo a t  40 °C f o r  2 days a f f o r d i n g  0 .8  g ,  t h e  
polymer t u rn e d  pu rp le  and became i n s o l u b l e  in m ethano l .
2 .  Deblocking of  p o l y ( 2 , 3 - d i m e t h o x y s t y r e n e ) : A s o l u t i o n  of  0 .5  
g of  p o ly (2 ,3 - d im e th o x y s t y re n e )  in  70 mL of  d ich lo rom e thane  was purged
with  a s t r eam  of n i t r o g e n  b e fo r e  i n j e c t i n g  6 mL of 1 M boron 
t r i c h l o r i d e  in  methylene c h l o r i d e .  S t i r r i n g  was con t inued  f o r  36 h a t  
room t e m p e ra t u re  b e fo r e  h y d r o l y s i s  of  t h e  i n t e r m e d i a t e  b o r a t e  complex 
was e f f e c t e d  by adding 3 mL of  a b s o l u t e  m ethano l .  The r e a c t i o n  
m ix tu re  was poured i n t o  501) mL of  i c e - w a t e r  t o  comple te  t h e  h y d r o l y s i s  
of t h e  excess  boron t r i c h l o r i d e .  The wh i te  po lymer ic  c a te c h o l  was 
i s o l a t e d ,  washed with d i c h l o r o m e th a n e ,  and d r i e d  in  vacuo a t  room 
t e m p e ra t u re  t o  a f f o r d  0 .3 8  g of p o l y ( 3 - v i n y l c a t e c h o l ) .  The p ro to n  NMR 
and, IR s p e c t r a  of  t h i s  po lymer ic  c a te c h o l  a re  given in  f i g .  26 and 
F i g .  25 r e s p e c t i v e l y .  Note t h e  c h a r a c t e r i s t i c  OH s t r e t c h  c e n t e r e d  a t  
3217 cm"* and th e  absence  of  methoxy bands a t  1030 and 1260 cm"* in  
t h e  i n f r a r e d  spectrum of  p o , l y ( 3 - v i n y l c a t e c h o l ) .
Ana l . : Found : C, 6 4 .6 8 ;  H, 5 .6 6 ;  C l ,  0 .2 7 .
3.  Removal of formal group of poly 28 :
a .  With boron t r i c h l o r i d e :  P o l y ( 4 - v i n y l c a t e c h o l ) ,  0 .48  g,  
was ob ta in e d  from 0 .55  g of  poly 28 employing t h e  same e xpe r im e n ta l  
p rocedure  f o r  t h e  s y n t h e s i s  of  p o l y ( 3 - v i n y l c a t e c h o l ) d e s c r i b e d  
above.  P o l y ( 4 - v i n y l c a t e c h o l ) was r e a d i l y  s o l u b l e  in  methanol when 
i n i t i a l l y  i s o l a t e d  but  became p u r p le  and i n s o l u b l e  when d r i e d  in  vacuo 
a t  room t e m p e ra tu re  f o r  t h r e e  days i n d i c a t i n g  an a u t o o x i d a t i o n .  IR 
(KBr) r e v e a l e d ' a  broad peak a t  3500-3000 cm"* and a d i s a p p e a ra n c e  of 
formal  group bands a t  2785-2765 cm"*.
b.  With boron t r i c h l o r i d e  and dodecyl  mercap tan ;  Dodecyl
m ercap tan ,  0 . 8  mL, and boron t r i c h l o r i d e  (1 M in d i c h l o r o m e th a n e ) ,  4
mL, were added s e q u e n t i a l l y  t o  a s o l u t i o n  of  0 .26  g of  p o l y ( 5 - v i n y l - 
1 ,3 -b en z o d io x o le )  in  25 mL of  d ich lo rom e tha ne  s t i r r e d  under  
n i t r o g e n .  A red c o lo r  as  wel l as a p r e c i p i t a t e  s t a r t e d  t o  appear  10
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min l a t e r .  A dd i t ion  of  a b s o l u t e  methanol a f t e r  5 h of s t i r r i n y  a t  
room t e m p e r a t u r e ,  d i s s o l v e d  c l e a n l y  t h e  red ye l low  p r e c i p i t a t e .  The 
s o l u t i o n  was poured i n t o  300 mL of  i c e - w a t e r  t o  p r e c i p i t a t e  t h e  
p o l y ( 4 - v i n y l c a t e c h o l ) .  This  wh i te  polymer was i s o l a t e d  and d r i e d  i n  
vacuo a t  room t e m p e ra t u re  t o  a f f o r d  0 .24  g„ A very l i g h t  pink c o lo r  
of  t h e  polymer began t o  be n o t i c e d .  This  m a t e r i a l  was i n s o l u b l e  in  
m ethano l ,  s w e l l a b l e  in  dime thyl  s u l f o x i d e  and in  90% a c e t i c  a c i d .  The 
e x t e n t  of  s w e l l a b i l i t y  i n c r e a s e d  upon a d d i t i o n  of  c o n c e n t r a t e d  
s u l f u r i c  a c i d .
4 .  Attempt  o f  deb lock ing  poly 31
a .  With boron t r i c h l o r i d e  and dodecyl  mercap tan :  As soon 
as 6 mL of  1 M boron t r i c h l o r i d e  was i n j e c t e d  t o  a s o l u t i o n  of  0 .3 3  g 
of  poly 31 in 25 mL of  dichoromethane  and 1 mL of dodecyl  m erc ap ta n ,  a 
red c o l o r  and a p r e c i p i t a t e  were noted  imm edia te ly .  The p r e c i p i t a t e  
was r e d i s s o l v e d  in  t h e  system upon a d d i t i o n  o f  4 mL of  a b s o l u t e  
methano l .  Attempt  t o  p r e c i p i t a t e  t h e  s o l u t i o n  in i c e - w a t e r  f a i l e d  but  
t h e  p roduct  p r e c i p i t a t e d  in m e tha no l .  The i s o l a t e d  polymer was 
s o l u b l e  in  t h e  same common o r g a n ic  s o l v e n t s  as  t h e  s t a r t i n g  polymer 
which i n d i c a t e d  a f a i l u r e  t o  deblock t h e  c a te c ho l  f u n c t i o n s .
b.  With h y d r o io d ic  a c i d ;  Poly 31, 1 g, was d i s s o l v e d  in  50 
mL of  g l a c i a l  a c e t i c  a c id  in  a 250 mL th re e -n e c k e d  round bot tomed 
f l a s k  equipped wi th  a c o n d e n s e r ,  a d ropp ing  f u n n e l ,  a mechanical  
s t i r r e r ,  a n i t r o g e n  i n l e t - o u t l e t .  The s o l u t i o n  was s t i r r e d  and hea ted  
u n t i l  t h e  pot  t e m p e r a t u r e  reached 120 °C, then  a 10 mL of  57% 
hyd ro io d ic  a c id  was added s lo w ly .  The m ix tu re  was s t i r r e d  f o r  2 h a t  
116 °C under  n i t r o g e n .  A f t e r  c o o l in g  t h e  f l a s k  t o  25 °C, t h e  m ix tu re  
was poured i n t o  500 mL of  i c e - w a t e r  and a cream c o lo re d  p r e c i p i t a t e
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a p p e a re d .  The i s o l a t e d  po lymer ,  0 .91 9 , was s o l u b l e  in  h a loge na te d  
s o l v e n t s .  A ch lo ro fo rm  s o l u t i o n  f a i l e d  t o  p r e c i p i t a t e  in  m ethano l ,  
e t h e r ,  a c e t o n e ,  hexane ,  and e t h a n o l .  Pro ton NMR (CDCI3 ) spectrum was 
i d e n t i c a l  t o  t h a t  of  t h e  polymer wi th  t h e  e x c e p t io n  of t h e  benzene 
r i n y  chemical s h i f t ,  be ing  one broad peak i n s t e a d  o f  two broad peaks .
Ana l . : Found : C, 6 9 .25 ;  H, 5 .84 ;  I < 0 . 5 .
H. Oxida t ion  of P o l y ( v i n y 1 c a t e c h o l s )  t o  Po ly ( v in y lbe nz oqu inone s )
In a 100 mL round bot tomed f l a s k  equipped with a magnet ic  
s t i r r e r ,  0 .23  g of  p o l y ( 3 - v i n y l  c a t e c h o l ) was suspended in  50 mL of  
THF. To t h i s  m ix tu re  was added 4 g of  e e r i e  ammonium n i t r a t e ,  and 
s t i r r i n g  was c o n t inue d  f o r  48 h a t  room t e m p e r a t u r e .  The polymer was 
f i l t e r e d ,  washed s e v e r a l  t imes  wi th  w a t e r ,  and d r i e d  in  vacuo t o
a f f o r d  0.27  g of  orange y e l lo w  polymer.  The p roduc t  was i n s o l u b l e  in
a l l  s o l v e n t s  t r i e d ,  but  IR a n a l y s i s  r ev e a le d  a c o n s i d e r a b l e  o x i d a t io n  
as ev idenced  by a s t r o n g  C=0 a b s o r p t i o n  a t  1650 and 1750 cm"*.
O xida t ion  of  p o l y ( 4 - v i n y l c a t e c h o l ) was proceeded  in  t h e  same 
manner as above and IR a n a l y s i s  showed t h e  same a b s o r p t i o n s .
I .  P o t e n t i o m e t r i c  T i t r a t i o n
P o t e n t i o m e t r i c  t i t r a t i o n  of p o ly ( 3 - v in y l  c a t e c h o l ) w i th  e e r i e  
ammonium n i t r a t e :  P o l y ( 3 - v i n y l c a t e c h o l ) ,  0 .02  g was d i s s o l v e d  in  150
mL of  90% a c e t i c  a c id  in  250 mL beaker  f i t t e d  with a m agne t ic  
s t i r r e r .  The p la t inum  and t h e  calomel  e l e c t r o d e s ,  connec ted  p r o p e r ly  
t o  t h e  PHM64 Research pH M ete r ,  were immersed i n t o  t h e  s o l u t i o n  (pH =
0 .28 )  and t h e  r e a d in g  was s e t  t o  mV knob.  Readings of  p o t e n t i a l  were 
r ecorded  in  m i l l i v o l t s  d u r in g  t h e  t i t r a t i o n  p ro ce s s  wi th  0.05  N e e r i e
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ammonium n i t r a t e  in  90% a c e t i c  a c i d .  The t e m p e r a t u r e  of  t h e  system 
was 23 °C (room t e m p e r a t u r e ) .  The s o l u t i o n  tu r n e d  brown upon a d d i t i o n  
of t h e  f i r s t  drops  of  t h e  cer ium s o l u t i o n  and t h i s  c o l o r  became 
i n t e n s e  ct 50% o x i d a t i o n .  The m ix tu re  became comple te ly  y e l lo w  a t  t h e  
end of  t i t r a t i o n .
S i m i l a r l y ,  c a t e c h o l  was p o t e n t i o m e t r i c a l l y  t i t r a t e d  wi th  0 .05  N 
e e r i e  ammonium n i t r a t e  a t  23 °C. The r e s u l t s  of  t h e  t i t r a t i o n s  a t  
23 °C a re  given in  Table  2 7 a , b .  The p o t e n t i o m e t r i c  cu rves  a r e  
i l l u s t r a t e d  in f i g u r e  27.
Redox t i t r a t i o n s  of c a te c ho l  and t h e  polymeric  c a te c ho l  were a l s o  
conducted  a t  an e l e v a t e d  t e m p e r a t u r e ,  35 °C. R e s u l t s  a r e  r e p o r t e d  in  
Table  28a ,b  and t h e  t i t r a t i o n  cu rves  a r e  shown in  f i g u r e  28.
T ab le  61 Y ie ld s  and P h y s ic a l  P r o p e r t ie s
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o f  Monomers
Monomer M ethod Y ie ld  bp mp
(* )  (°C/mm) (°C )
28 A 63 9 5 -9 6 /5 -
M B 8 5 0 .5 - 5 1 / 0 .2?89 -
I I C 34 -
II D 39 -
29 A 45 136-140 /5 -
•I C 32 9 8 - 9 9 /1 .589 -
M D 37 -
30 A 85 115-118 /14 23
t i C 45 Iff •1
i t D 57 • i u
31 A 65 111/1 -
f t C 37 l i -
32 A 50 116/1 -
36 A 90 6 3 -6 4 /2 -4 -
37 A 60 7 0 /4 —
183
Monomer
28
29
30
31
32 
32
Table 7a: *"H NMR and IR Data of Monomers
1H NMR (CPC13 ) IR (NaCl)
Chemical s h i f t ,  ppm Frequency, cm" 1
6 . 6 5 - 6 .9 0 ,Ar-H,m; 5-82  3 0 7 5 ,3 0 6 5 .3 0 0 0 ,C-H (r in g ) ;
0-CH2 - 0 , s ;  6 . 6 0 ,-CH=CH2 , 2875.2765,C-H s t r e t c h  
S| 5 »cis,-CH=CH2 , d ; 5 .4 ,  (-CHg-); 1 6 2 0 ,9 7 0 ,-CH=CH2 ; 
t r a n s ,  -CH=CH2 . 1580,14-90,C=C r in g  s t r e tc h ;
1 2 5 0 ,1 2 1 5 ,H 0 0 ,9 2 5 » 7 2 0 ,
C-O-C.
6.51-7»90,Ar-H,m ; 4 . 9 -  3065,C-H r in g  s t r e tc h ;
6 . 3 , v in y l ;  3-75* -OCH  ^ 2980, 2940, 2910 ,-C H y 1615
d . 900,-CH=CH2 ; 1565 ,1465 ,
C=C r in g  s t r e tc h ;  1030,
1260 , C-O-C.
6 .7 - 7 * 1 »Ar-H,m; 5 .1 -
6 . 6 9 , v in y l  group; 3 .7 5 ,  Same a s  29 
-OCH^.d.
6 . 5 - 6 . 8 ,Ar-H,m; 4 . 9 - 6 . 3 ,  3060,3025,C-H r in g  s tr e tc h ;  
v in y l  group; 4 . 1 ,  2 9 6 0 ,2 9 1 0 ,2 8 2 6 ,-CHg- ,
-0CH2CH20 - , s . 1565,1490,C=C r in g  s tr e tc h ;
6 . 8 - 7 . 1 ,Ar-H,m; 5 .4 -  1 6 1 0 ,9 0 0 ,9 8 0 ,-CH=CH2 ; 1300,
1 2 8 0 ,1 2 5 9 ,1 2 4 0 ,9 3 5 ,7 2 0 ,C-O-C.
6 .8 -7 .1 ,A r-H ,m ; 5 .4 -
6 . 5 , v in y l  group; 6 . 1 ,  Same a s  28 
0-CH2 - 0 , s .
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Table 7a» Continued
Monomer *H NMR (CDCl^)_______
Chemical s h i f t ,  ppm
36 7 . 2 - 7 . 5 . Ar-H,m; 3 .8 ,  
-OCHgj,s; 5 . 2 - 6 . 8 ,  
v in y l  group.
37 6 .8 -7 .3»A r-H ,2d ; 3 .8 ,
IR (NaCl)
Frequency, cm”*
3 0 5 0 ,C-H r in g  s t r e tc h ;
2 9 8 0 ,2 940 ,2 875 , - C K j i  1610, 
990,900,-CH=CH2 ; 1580 ,1450 ,  
C=C r in g  s t r e tc h ;  1280,1020  
C-O-C.
Same as 38—0CH^,s; 3*2—6 . 6 ,  
v in y l  group.
Table 7b1 Mass Spectra  R esu lts  o f  Monomers
Mass sp ec tra  
Monomer m/e ( r e l a t iv e  in t e n s i t y )
28 1 4 7 (1 0 0 ) ,  1 4 8 (8 9 ) ,  8 9 ( 3 2 .5 ) .  9 1 (1 1 .6 )
29 1 6 4 (1 0 0 ) ,  9 1 ( 5 5 .6 ) ,  7 7 ( 5 5 .3 ) .  1 4 9 (3 7 .1 ) .  78
( 3 6 .6 ) ,  1 0 3 ( 3 5 .9 ) ,  1 2 1 (2 0 .5 )
30 121 ( 100 ) ,  9 1 ( 8 8 . 8 ) ,  1 6 4 ( 6 3 .4 ) ,  77(58 . 2 ) ,  78(55*3)
1 4 9 ( 4 4 .3 ) ,  5 1 (2 8 . 2 ) .
31 1 6 2 (1 0 0 ) ,  7 8 ( 6 5 .7 ) .  1 0 6 ( 4 6 .9 ) ,  1 6 3 (3 2 .3 )
32 1 4 8 (1 0 0 ) ,  9 1 (9 2 . 2 ) ,  8 9 ( 7 6 .1 ) ,  1 4 7 (5 1 .4 ) ,  6 3 (4 8 .1 0 )
36 9 1 (100 ) ,  119 (4 7 . 4 ) ,  1 3 W 5 . 9 ) ,  6 5 (2 5 .5 )
37 13^ (100 ) ,  9 1 ( 7 6 .3 ) .  1 1 9 ( 5 2 .4 ) ,  6 5 ( 3 8 . 8 )
Table 8: Yields and NMR Results of sec-Phenylethyl Alcohol Derivatives
A lcohol Y ield  1H NMR (CDCl^); Chemical s h i f t ,  ppm
38 86 .50  6 .6 5 - 6 .8 ,  Ar-H,: m; 5 .7 5 ,  OCHgO, s;  4 .6 5 ,  -CH-CH3 , q; 4 .0 5 ,
-OH, s;  1 .3 2 ,  -CH-CH3 , d.
39 73 .20  6 .6 0 - 6 .9 0 ,  Ar-H, m; 4 .6 ,  -CH-CH3 , q; 3 .7 5 ,  -0CH3 , d; 3 .4 ,
-OH, b s;  1 .3 5 ,  -CH-CH3 » d . - 
75 .14  6 .6 0 -6 .9 0 ,  Ar-H, m; 4 .9 ,  -CH-CH3 , q; 3 .7 2 ,  -0CH3 , d; 3 .0 0 ,
-OH, b s;  1 .3 2 ,  -CH-CHj, d.
8 3 .20  6 .7 ,  Ar—H, 8} 4 .5 ,  —CH—CH3 , q; 4 .2 ,  —0CH2'-'H2®—* 2 .1 5 ,
-OH, b s;  1 .3 2 ,  -CH-CHj, d.
42 91 .04  6 .7 8 - 7 .1 0 ,  Ar-H, m; 6 .0 0 ,  -OCHgO-, s; 5 .0 0 ,  -CH-CH3 , q;
3 .1 0 ,  -OH, b s ;  1 .4 ,  -CH-CH3 , d.
63.44 6 . 8 - 7 . 2 ,  Ar-H, m; 5 .1 0 ,  -CH-CH3 » q; 1 .4 8 ,  -CH-CHj, d; 3 .8 ,
-OCH3 , s ;  2 .8 ,  -OH, b s .
86 .54  6 .8 - 7 .2 ,  Ar-H, 2d; 4 .2 ,  -CH-CH3 , q; 3 .7 ,  -OCHj, s ;  2 .5 ,
-OH, b s;  1 .3 0 ,  -CH-CH3 , d.
40
41
43
44
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T a b le  9 : Y i e l d s .  P h y s i c a l  P r o p e r t i e s  a n d  M aas S p e c t r a  o f  B e n z y l c h l o r i d e  
a n d  B e n z y l t r ip h e n y lp h o B p h o n iu m  C h l o r i d e  D e r i v a t i v e a .
C om pound Y i e l d .  % b p .  °C/mm m p . °C
4 5  8 9  9 2 - 9 5 / 2
4 6 a  6 6 .6 8  1 3 4 / 3 - 4 ^  4 8 d
4 7  61 1 1 0 - 1 1 4 / 7 C
4 8  1 0 0  -  2 2 0 -2 3 0
4 9  9 7  -  2 3 0 -2 3 5
50  9 7  -  2 1 5 -2 2 0
M ass s p e c t r a  ( r e l a t i v e  i n t e n s i t y )
1 3 5 ( 1 0 0 ) ,  1 7 0 ( 2 6 . 3 ) ,  7 7 ( 1 4 . 7 )  
1 5 1 ( 1 0 0 ) ,  1 8 6 ( 2 0 . 8 ) ,  1 5 2 ( 9 . 9 )  
1 3 6 ( 1 0 0 ) ,  1 5 1 ( 9 3 . 2 ) ,  9 1 ( 8 0 . 7 ) ,  1 8 6  
( 4 4 . 1 ) ,  6 5 ( 4 4 . 3 ) ,  7 7 ( 3 5 . 5 ) , 1 0 8 ( 2 8 . 4 )  
1 8 3 ( 1 0 0 ) ,  1 3 5 ( 8 5 . 7 ) ,  1 0 8 ( 4 9 . 7 ) ,  
7 7 ( 4 6 . 6 ) ,  1 0 7 ( 4 3 . 8 ) ,  2 6 2 ( 4 1 . 6 ) ,  
5 1 ( 4 1 . 1 ) ,  1 5 2 ( 3 2 . 4 ) ,  3 9 6 ( 1 1 .4 )  
1 8 3 ( 1 0 0 ) ,  1 0 8 ( 7 1 . 1 ) ,  2 6 2 ( 7 0 . 7 ) ,  10 7
( 4 0 . 8 ) ,  1 5 1 ( 3 1 . 6 ) ,  1 5 2 ( 2 4 . 9 ) ,  51
( 2 4 . 3 ) ,  7 7 ( 2 0 . 7 ) ,  1 3 7 ( 1 9 . 7 ) ,
3 9 7 ( 1 9 . 4 ) ,  4 1 2 ( 1 1 .7 )
1 8 3 ( 1 0 0 ) ,  1 0 8 ( 7 1 . 1 ) ,  2 6 2 ( 7 0 . 7 ) ,  10 7  
( 4 5 . 0 ) ,  5 1 ( 3 3 . 0 ) ,  7 7 ( 2 3 . 7 ) ,  1 5 2  ~
( 2 1 . 9 )
a ,  b ecam e  b l a c k  u p o n  e x p o s u r e  t o  a i r ;  b ,  l i t .  1 1 0 - 1 1 3 / 1 . 2 5 8 0  a n d  1 5 2 - 1 5 6 / 1 0 1 8 8 ; 
c ,  l i t .  1 3 0 - 1 3 1 / 1 2 1 8 9 ; d ,  l i t .  4 8 - 4 9 188  a n d  4 9 - 5 0 8 0 .
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Table 10: Elemental Analysis of Polymers
C a lc u la te d Found
P olym er % C 2 L I ^ H
p o ly  28 7 2 .97 5 .4 0 72.55 5 .52
p o ly  29 73.14 7 .3 7 72.72 7 .18
p o ly  30 73 .14 7 .37 72.00 7 .16
p o ly  31 74.05 6.21 74.03 6 .03
p o ly  32 72 .97 5 .4 0 72.38 5 .36
p o ly  36 8 0 .5 7 7.51 79.24 7 .44
p o ly  37 8 0 .5 7 7.51 79.76 7.51
Table 26 ; R e su lts  o f  S u lfo n a t io n  o f  Polymers
Elem ental a n a ly s is  
_______Found________
Polymer % C ^ H ^ N * S
71 27.11 4 .8 9 1.16 3 .30
72 12.75 1 .60 < 0 .5 11.94
73 19.93 2 .4 0 < 0 .5 15.27
Table 11: Summary of Polymerization Data
F ree r a d ic a l  A n io n ic  C a t io n ic
Polymer ft] Conv. Mv ft] Conv. Mv [V] Conv. Mv
dL/g % x10“^ dL/g % x10"5 dL/g % x10
poly  28 0 .1 5 48 32.1 0 .0 2 23 1 .8 0 .0 3 76 3 .2
poly  29 0 .24 50 62 .9 - 78 - 0 .1 8 46 41 .7
poly  30 0 .3 2 78 94 .9 0 .12 14 23.4 - - -
poly  31 0 .2 9 66 8 2 .4 0 .05 13 6 .7 0 .0 8 94 13.1
poly  32 0 .2 4 52 62.9 - 8 - 0 .0 2 18 1 .8
poly  36 - - - - _ - - 90 -
poly  37 - - — — 20 - — — -
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Table 12; Conolvmerization of 2.3-Dimethoxystyrene ( M .) with Styrene ( M o )
Mole f r a c t io n
Feed i n  fe e d
w ^ g )
'faO
I 
C'J M1 m2 f=m1/ m2 Tim<
3 .00 0 .180 0 .915 0 .087 10.58 10
2 .00 0 .814 0 .609 0.391 1.56 20
1.00 1.450 0 .304 0 .695 0 .437 35
0 .5 0 1.766 0 .152 0 .847 0.179. 35
Mole f r a c t i o n  
i n  copolymer**
m2 % c o n v e r s io n
0 .720 0.235 3.060 18.86
0 .628 0 .368 1.706 7 .74
0 .244 0.724 0 .337 10.61
0 .188 0 .804 0 .234 6 .17
Time in  minutes; tem perature, 70 °C; i n i t i a t o r  (AIBN), 10 mg
b
C a lc u la te d  from  e le m e n ta l  a n a ly s i s
Table 13: Copolymerization of 2,3-Dimethoxystyrene (M|) with
Methyl M ethacrylate (M2 )
M ole f r a c t i o n  M ole f r a c t i o n
Feed in fe e d
f=m1/ m2 Time
i n cop o lym er15
% Comw ^ g ) w2 (g) M1 m2 a " , f=m.j/m2
3 .0p 0 .178 0.914 0 .087 10.54 7 0 .810 0.093 8 .700 3 .25
2 .00 0 .783 0 .609 0 .390 1.558 4 0.659 0.321 2 .037 0 .3 4
1.00 1.400 0 .304 0 .699 0 .453 8 0.481 0.519 0 .925 5 .83
0 .5 0 1.700 0 .152 0 .849 0 .179 10 0 .297 0 .719 0 .413 2 .70
Time in minutes; temperature, 70 °C; initiator (AIBN), 10 mg
b
From elem en ta l a n a ly s is
Table 14: Copolymerization of 6-Vinyl-1,4-benzodioxane (M^)
w ith  S ty r e n e  (m2 )
M ole f r a c t i o n  Mole f r a c t i o n
Feed___________  i n  fe e d  i n  cop olym er
w ^ g ) w2 (g) Mi m2 f*m1/ m2 Time3 m1 f =m ^ /m2 % Coi
1 .00 0 .4 0 0 .617 0 .384 1.600 10 0 .6 6 0 .35 1.89 8 .5 7
0 .75 0 .5 6 0 .463 0 .538 0 .860 10 0 .5 5 0 .55 1 .00 6 .10
0 .5 0 0 .7 2 0 .308 0 .690 0 .446 10 0 .2 5 0 .7 6 0 .3 3 5 .73
0 .25 0 .8 8 0 .154 0 .350 0.181 10 0 .2 0 0 .8 0 0 .25 4 .42
Time in minutes; temperature, 70 °C; initiator (AIBN), 10 mg
b
From proton NMR
Table 15: Copolymerization of 6-Vinyl-1,4-benzodioxane (M^)
with Methyl M ethacrylate (M2 )
Peed
Mole* f r a c t io n
Time a
Mole f r a c t io n
% Conversion
in  feed
F ^ / M g
in  copolymer**
f —m^/m2w ^ g ) w2 (g ) M1 m2 m1 ID2
1.53 0 .0 8 0 .943 0 .080 11.800 9 0 .810 0 .153 5.294 3 .72
1.00 0 .4 0 0 .616 0 .393 1.543 9 0 .550 0 .430 1.279 4 .2 8
0 .7 6 0 .5 4 0 .470 0 .540 0 .869 5 0 .340 0 .580 0 .586 2 .30
0 .5 0 0 .7 2 0 .308 0 .719 0.429 5 0 .550 0 .330 1.670 0 .8 2
Time in minutes; temperature, 70 °C; initiator (AIBN), 10 mg
b
Prom elem en ta l a n a ly s is
Table 16: Reactivity Ratios and Q-e Parameters of Copolymerization
M1 = 2,3-Dimetho.;ystyrene  
Mg Method o f  in t e r s e c t io n s  Method o f  Pineman-Ross
r 1 r 2 r 1r 2 *1 e 1 r 1 r 2
CM
(4
1^ e 1
Styrene 0 .69 0 .9 2 0 .6 4 1.89 -1 .4 8 - - - - -
MMA3 0 .97 0 .2 2 0.21 2.03 -0 .8 4 0 .8 7 0 .25 0.21 1.79 -0 .8 3
M1 = 6 -V iny l-1 ,4 --benzodioxane
Styrene 1.05 0 .9 8 1.03 1.24 -0 .9 7 1.13 0 .8 4 0 .9 5 ■ 1 .43 -1 .0 3
MMAa 0.53 1.00 0 .5 0 0 .53 -0 .4 4 0 .4 0 1 .10 0 .44 0 .4 7 -0 .5 0
a
MMA stands f o r  methyl m ethacrylate
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Table 20: Results of Lithiation-Silylation of Polymers
Elemental a n a ly s is
Polymer Reagent S u b s t i tu t io n  (# )
Calculated® Pound
% C % H % S i % C % H % Si
p o ly  28 n-BuLi 22.84 65.41 7.32 12.74 68.66 6 .13 2.91
ii sec-BuLi 45 .60 It it it 67.15 7 .36 5.81
p oly  30 n-BuLi 57.49 66.05 8 .5 3 11.88 66.20 7.81 6.83
It sec-BuLi 15.50 ii ti ii 71.99 7 .64 1.84
poly  31 n-BuLi 42.23 66.63 7 .74 11.98 67.81 6 .09 5.06
a
Based upon monosubstitution
Table 21: Results of Bromination of Polymers
E le m en ta l a n a ly s i s
Polymer Y ield  (%) S u b s t itu t io n  (#)
C alcu la ted15 
% C % H % Br
Found
% C % H % Br
51 96 .57  - 105 47 .6 3.1 35.19 48 .93 3.14 37.09
52 100 95 49 .40 4 .5 6 32.86 46.08 4 .15 30.80
53 100 94 11 If 11 47.05 4 .19 30.52
54 100 > 100a 49.82 3 .76 33.14 44 .80 3 .14 42 .87
55 >100 >100a 47 .6 3 .10 35.19 39.33 2.25 46 .59
a
E x c e ss  o f  brom ine was u sed  
b
Based upon monoBubstitutlon
Table 22: Results of Cyanogenation of Brominated Polymers
E le m e n ta l a n a ly s i s
C a lc u la te d 3_______  Pound
Polymer S u b s t i tu t io n  (%) % C % H # N % C % H ^ N # Br
56 5 .48  69 .56  4 .0 7  8 .0 8  47 .35  3 .1 4  0 .3 0  29.56
57 33 .64  69.81 5 .86  7 .40  46 .35  4.41 2 .49  28.46
58 27 .00  69.81 5 .86  7 .40  47.81 4 .5 2  1 .93 29 .78
a
Based upon q u a n t i t a t iv e  d is p la c e m e n t  o f  brom ine atom
Table 23: ReBults of Phthalimidomethylation of Polymers
Elemental a n a ly s is________
C alculated3 Pound__________
Polymer Y ield  (%)  S u b s t i tu t io n  (30 % C % H # N # C % H % N
59 84 .50 72.43 70 .6 5 .3 4 .33 69.12 5.41 3.81
60 86 .32 79.28 II 11 11 67.23 5.23 4 .1 7
61 100 7 6 .5 6b 69.48 3 .94 6 .5 7 b 69.42 4 .4 9 5.03
62 70.72 72.40 70.36 4 .26 4 .5 5 63.68 4 .48 4 .05
a
Based upon m onosubstitu tion
b
Based upon t r i s u b s t i t u t io n
Table 24: Characterization Data of Amidomethylated Polymers
Polymer
1H NMR (CDC15 ) 
Chemical s h i f t ,  ppm
N-
:N-CH2-
FT-IR (KBr) 
Frequency, cm- ^
-C -  N -  C-
ii <1
0 0
-CHo-NJ
59
60 
61 
62s
7.53
7 .52
7 .65
4 .52
4 .53
3 .2 - 5 .4 5
1773, 1714
1774, 1717 
1774, 1717 
1770, 1720
1188
1188
1188
1180
a
This polymer was in so lu b le
Table 25: Results of Hydrazinolysis Reactions
E le m en ta l a n a ly s i s
C a lcu la ted ®  Pound
Polymer S u b s t itu t io n  (%) % C % H % N % C % H % N
65 71.50 68.37 7 .83 7 .23 61.23 6 .9 2 5 .17
64 85 .05 11 II II 60.18 6.88 6 .19
65 8 6 .16 63.40 7 .7 0 17.06^ 57.96 5 .82 14.70
66 47 .00 67.96 6.23 7.86 60.60 6 .22 3 .70
a
Based upon m o n o s u b s t itu t io n
b
Based upon trisubstitution
2 0 0
Table 27a: Results of Titration of Catechol at 23 °C
V (mL) Eh (mV) V (mL) Eh (mV)
0.1 703 2 .5 755
0 .2 707 3 .0 760
0 .3 710 3 .5 764
0 .4 715 4 .0 769
0 .5 719 4 .5 773
0 .6 722 5 .0 775
0 .7 725 5 .5 779
0 .8 727 6 .0 783
0 .9 730 7 .0 790
1 .0  , 732 7 .4 994
1.1 735 7 .5 996
1 .2 736 7 .6 996
1 .3 738 7 .8 996
1 .5 742 8 .0 996
2 .0 749 8 .5 996
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Table 27b: R e su lts  o f  T i t r a t io n  o f  P o ly ( 3 - v in y l -  
c a te c h o l )  a t  23 °C
V (mL) (mV) V (mL) Eh - (mV)
0 .5  690 6 .0  794
1 .0  693 6 .5  865
1 .5  696 7 .0  979
2 .0  697 8 .0  1194
2 .5  699 8 .5  1163
3 .0  701 9 .0  1154
3 .5  707 9 .5  1153
4 .0  712 10 .5  1150
4 .5  719
5 .0  737
5 .5  759
2 0 2
Table 28a: Results of Titration of Catechol at 35 °C
V (m l) 5^ (mV) C o lo r
0  -  c l e a r
1 .0  403 c l e a r
1 .5  420 »
2 .0  432 "
2 .5  464 "
3 .0  479 "
3 .5  496 "
4 .0  859 "
4 .5  865 "
5 .0  869 "
5 .5  871 "
6 .0  1071 y e l lo w
6 .5  1071 "
7 .0  1072 «
7 .5  1073 "
8 .0  1073 "
8 .5  1073 "
9 .0  1073 "
10 .0  1073 "
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Table 28b: R e su lts  o f  T i t r a t io n  o f  P o ly ( 3 - v in y l -  
c a te c h o l )  a t  35 °C
V (mL) \  (®V) Color V (mL) Eh (.
0 .5 289 s i . y e l l o w 6 .5 695
1 .0 290 y e llo w 7 .0 934
2 .0 291 brown 7 .5 923
2 .5 292 i i 8 .0 923
5 .0 294 i i 9 .0 924
3 .5 296 n 10.0 930
4 .0 1013 ye llo w 10.5 932
4 .5 1003 ii 11.0 937
5 .0 994 i i 13 .0 939
5 .5 980 i i 15 .0 939
ye llo w
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